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Collaborative Nature of This Proposal

This experiment is proposed as a collaborative effort with Harvard Universitysand
National Accelerator Laboratory physicists. Preliminary discussions have been carried
out with Dr. Thomas Kirk representing Harvard University and with Drs., Taiji Yamanouchi
and John Sculli representing NAL, In discussions by letter with Dr. Kirk it was
agreed that the time was too short to submit a combined proposal before June 15.
However it was agreed that this will definitely be a collaborative effort and that
the separsde proposals will be rewritten into a joint proposal at a later date.

Also in discussions with Dr. Leon Ledermsn representing Columbia University, it
was agreed that there would be a maximum amount of collaboration in the setting up
of a muon beam and in the design and fabrication of equipment for the muoproduction of
W experiment and for this muon~proton inelastic scattering experiment. In particular,
with respect to equipment, the same analyzing magnet will be used in both experiments.
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II PHYSICS JUSTIFICATION

1« Introduction

The purwvose of this experiment is to study muon-proton inelastic scattering
for virtual-photon energies of 10 to 110 Gev and forlqzlvalues of 0,2 to 20.0
(Gev/c)2 — the higher end of the q2 range being attained only in the lower two thirds
of the virtusl-phton energy spectrum. The following information would be obtaineds
1. The virtual-photon total cross section Or +€0; , or the equivalent
expression in Hl and W2, will be measured over the entire range of virtuale
photon energies and q° values.
2. Over a restricted range of these variables, we will be able to separate Or
and W,.

1 2
3. The momenta and aneles of charged hadrons produced in the interaction will be

and Q} s O eguivalently W

mezsured, if the angles are less than 60 to 100 mrad. with the direction of the
incident muon,
4. The momentum and angular spectra of the negetive pions will be particularly
useful because the contasmination of negative kaons and antiprotons will be small.
The spectra of the postive pions and the fast protons will not be separated.
5. The angle and momentum of slow protons making ansles larger than4§f degrees
with the direction of the incident will be measured.
6. The channel AL ~+F -7 A + P +/)f‘ will be isolated and these events will
be completely analyzed.
7. Channels consisting of only charged hadrons and the final muon are also susceptible
to analysis, if the particles fall within the angular regions specified in 3. and
5e

The experiment requires 2 muon beam with o maximum energy of at least 120
Gev and with an intensity of at least l@é particles per pulse, Beam intensities
up to lO7 per pulse may be used if the background event rate is not too high.
The apparatus consists of wire spark chambers, a medium large apew*ture bending
magnet and a small hydrogen target, A relatively small apewnture bending masnet
will also be reguired to measure the individual momenta of the incident muons.

Many details of this experiment have been described in an N.A.L. Summer
Study Repartl by M.L.Perl. This proposal is a combination of the two kinds
of experiments described in that revort. Since the report wss written we have
acouired large amounts of data from the SLAC muon-proton inelastic scattering
experimentg, and from comparable electron experiments at SLA03 and DESYA. These
experiments show thait the inelastic cross sections are higher than were expected.
Therefore in this proposal the data rate and the q2 range sttained is larger

than predicted in that report. One major change of emphasis from that report




is that there is now much greater interest in the momentum and angle spectra of
the hadrawsaveraged over sll of the hadronic channels. This new interest is taken
into account in this proposal.Finally there are some errors in the equations

as revroduced in that reportj the equations in the Theoretical Section of this

proposal should always be used in preference to those in the report if they diffen




2.+ Theoretical Concepts i

‘
P e )
A, Kinematic Parameters Aln Mot

The adjacent diagram shows the
relevant kinematic parameters on the -
usual assumption that the muon vertex ‘6)

is limited to one photon exchange.

'fand E are the laboratory momentum and energy of the incident muon.
'13;" and E' are the laboratory momentum and energy of the final muon,
'q’and V' are the laboratory momentum and energy of the virtual photon,
m is the muon mass, M is the proton mass and M' is the invariant mass of total
hadronic system produced in. the interaction, '
q2 is the square of the four-~momentum transferred to the virtual photon and in
our metric is defined by q2 = (E - E')2 - (- ';')ev q2 is always negative. Also:
q2 = — 2EE' + 2pp'cosd + om® (1)
vwhere @ is the scattering angle in the laboratory system between the incident and
final muon, We also note that the laboratory energy of the virtual-photon iss
V' = E - E!
“Yhe invariant mass M!' is defined byse
w2 - (v+ )2 - @2 =ovi + M 4 2
It has become conventional to use the quantity K defined bys:
K = (Mr2 - Mz)/2M =V + qz,{zm =V - lqzl/zm (2)
K is the energy that a real photon must have if it is to produce the same

invariant mass MY as is produced by a virtual-photon with properties ‘(zfan& vV .

B. Observed Crosg Sections and Derived Cross Sections or Form Factors

If the incident muon energy is fixed and the only experimental observatiom
is of the momentum and angle of the scattered muon, we measure the double
differential cross section d20'/d cos ¥ dp*. This differential cross section can
be written as a functiom of just two independent fxmctionss' in a number of wayss
two ways have become conventional. We shall alsc use the slightly different form:

of differential cross section, namely a%o” qusz.




. 2 L
One set of functions O:‘-(q s K) ana O (qz, K) are defined bys

2
4207 aqlax - —kK . _2m _ 2EE! -lq2l jz [2eEr -
a A 7 [1 ]2| O+ ,qzl 0' (3)

\('4-[ L\,-a

X is the fine structure constant. The units of I+ and O; are Albarne, of
energy is Gev and of momentum is Gev/c. Thus the units of the differential cross
sectiom are Abams/(va/c)zcev,

Or and O; may be thought of as the total cross section for the interactiom
of transversely polarized and scalar virtual-protons with protons, respectively.
The kinematic factors which multiply these cross sections may then be considered
as virtual photon fluxes, The transversely polarized virtual-photon flux is ﬂr
and that for the scalar photons is f:; y where

(+ = [ _ 2" . 2EE! 1ol /2 || ox \
lqgl Ve 1q2| 217[3[‘1&2 “

'—; = |[2EE' - ]qgl /2 oK
\f%- 'qzl 2T ,qgl

(4%)

There is an arbitrariness in these definitionsj +they are only unambiguous in

the limit q —> 0, w?gre g (q s K) becomes zero and O (qa, K) becomes equal
section

to the total crossfof real photons on protons. Those real photons have energy K.

It is convenient to write Eq. 3 in the forms
2o/ dqg‘axsﬂo}+[103 =r‘r[0:- +&O§_} (%)

Here g = {75 / F—,— and is thus the ratio of the fluxes,
Another deacr1pti0m6 of the differentlal cross section uses the inelastie
form factors Wy (q y K) and W, (q y K) as defined in the equationms

420 faq%K = fgf‘? l: [ ] [%E' - lq l/eﬂ(h)z 1030 (6)
q P

The W*s have the dimensions of inverse energy and the factor (‘hc)
explicitly inserted to make the units of & f/dq ax Mharm/(@ev/c) 2((’.—:&‘&).
The relations between Or, (g &and the W's are:




w (he)® 100 -« (kfarPot) O (7)

Wy the)® 10°0 = (&/a1 %) o

N C§:4-C2; (8)

If the square of the muon mass nng‘ is small compared to q2 and if m is smazll
compared to V , some of the equations simplify as follows. These are the equations
used in electron-proton inelastic scattering, where the electron mass can always
be neglected,

For m = O

¢ = - 2pp* (1 - cos® )

and Eq. 6 can be rewritten ass

g2y 2 ‘ ,
420 /aqax = 4'”°l‘ EI cos™(8/2) ( oW, tan® (0/2) + Wa) (9)
4
a’l p

a form generally seen in papers on electron~proton inelmstic scattering.
The only simplification in Eqs. 3, 4, 5 is that the 21112/ | qu term is set to
zero in Eqse 3 and 4, and p = E and pt = Ef,

Pinally we consider the case where both EE!' and Y 2 are large compared to

q2,, and where m can be neglected, Them V A K. Eg. 3 hecomes

(10)

420 fdq K = —-2 K2 + 1)0" + Og
a2l x| { 2ppr T
where K 2o p - p!

In all of this analysis d}and Os y or equivalently Wl and Wz, are independ-
ent functions of q2 and K, They may of course be regarded as functions of some
combinations of q2 and X, such as zu\//qz and Y for example, However they
are independent of the incident momentum p3 the dependence of the differentiazl
cmoss section on p is taken up completely in the expliecit kinematie factors..




3. The Experimental Situation at Present

One extensive muon-proton inelastig scattering experiment has been carried
out at SLAC2 and several extensive electron-proton scattering experiments have
performed at SLAC3 and DESY4 » Ipelastic electron work was done earlier at CEA7.
Muon-nucleus inelasstic scattering experiments have been performed at SLACa'
and ENLS. An extensive electron-nucleus inelestic scattering experiment has
Just been completed at SLAC. In all of these experiments only the final lepton
vas detected,

We will vresent next a brief,rough summary of the results of these experi-
ments, Our purpose is only to obtain formulas for extrapolation to higher energies;
this summary should in no way be considered definitive or critieal., Possible
differences in behavior between the muon and electron are ignored.

Most of the muon data and a large part of the electron data has € greater

than O0.7. For this data it is convenient to use the combination

o

exp
(Crf + cTS). The experimental measurements of Cr;xp can be represented by the

= (O",11 +é,0'S), and to consider this combination not very different from

simnle equation

G’;Xp =5, (K)/( 1.0 + R(¥)]a?) (11)
This eguation holds over the entire K and q2 range,which has been measureq}to
+30%. SO(K) is the total cross section for real photons on protons =t laboratory
energy K. R(K) does not vary much with K3 at low values of K,.R is about 1.5, and
for K sbove 1.5 Gevy, R secms to vary between 2.0 and 3,0. The units of R are
(Gev/c)-g.

The form of Eq.ll was predicted by Sakura19 using vector dominance ideas, The
prediction was only intended for smaller values of q2 s not too far from the
sguare of the rho mass. It is surprising that Eg.ll holds to ‘qzl values of 4 or
5 (Gev/c)z, even more so because the accompanying prediction of the ratioCﬁ;/CT%
is wrong at large -q2c3. The range of theoretical validity of this w»rediction has
been discussed by Sakurai .9

The analysis presented above, does noet apply to very low K wvalues where
nucleon isobars are producedlo. The production of these isobars is much more
dependent on q2, the form factors behave in roughly the same way as the elastic
form factors. We will not pursue this subjeet because the proposed experiment does

mot- make useful measurements in the isobar region~ the momentum resolution is
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too voor. From the theoretical point of view there is also no velue in trying
to measure isobar production by virtual photons at NAL. The only purpose in
studying isobers at high energy is to be able to achieve very large q2 values,
B;‘c the muon intensity at NAL is too small to yield significant data at high

q  values compared to what has been 2nd what can be achieved at SLAC with the
electron spectrometers, Therefore this discussion and this proposal ere confined
to the continuum region of the inelastic spectrum, that is the region which
has a K value too large to produce isobars.

The analysis of the electron exveriments in the continuum region has empha-
sized the ouantity vwg. Bjorken“predicted that vwz should be a function of the
combination W = V/qul when both V and [qgi are ve'y large. This has been found to
be true over a wide range of X and q2 values. Furthermore for W values of 1.5
to T Gev-l, VN is a constant equal roughly to 0.3.

There is a simple relation between V'W and o’exn when V is large compared to

| I/QM and iqzl& . BEg.8 reduces to
V W, (Be)? 10 []qzl /(an’eL)] O oxp

if for € close to 1.0 we use the approximation (0’,‘1, + € O"S)‘ = (O’T + 0’5).

This ¢on he rewritten as:

WD B‘szad(‘ﬁ )2 103(3]/](3 | (12)

In the 1limit of R'q ’ large comvared to 1.0, Eg.ll is the same as Eq.12. Thus
with the restrictions we have listed for ¥y and qz, the experimental verifications
of BEg. 11 and of the Bjorken vrediction are really the same observation.
Fortunately szt NAL energies the Iimitations . on Y. and. lqgi sedl in the last
paragraphs, are--easlly met, thus there is no conflict between the vector dominance
and the YWZ predictionssand we can use Egs. 11 and 12 to predict the event rate
for this experiment. Of course we do not know if the basic thedretical ideas, upon
which the pre-ictions are based, will hold zt NAL energies; this is one of
guestions which the experiment iz designed to answer.
Some separation of 0"1‘ and CJ"S has been crrried out in the electron experiments.
The obs erved ratio U"/O“ is never grezter than 1,0. For‘q 'values greater tdan
1.0 (Gev/c) , it varies between 0.0 and 0.8 and is not clearly devendent on K.
The errors in the mezsurements are large and much work remeins to be done at

the energies attainable at SLAC and DESY. However it is clear that no large
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ratios like 2.0 or 3.0 have been observed, Therefore in our design for the NAL
expriment we are not expecting any large walues for CT%/CT%, and are prepared
to ascertain values for that ratio in the range of 0.2 to 1.0. If the ratio is

larger it will of course be detected,



4, Theoretical Speculations and the Hadronic Spedtrum
A remsrkable feature of the inelastic mcattering observations is that compared
to the elastic form factors, ¢

exp
behaves like :qu—l while the elastic form factors behzve like |q

is such a moderate function of q2. (7;Xp

2"4. Furthermore
this behavior is almost independent of K.{(Of course we are restricting our
discussion to the continuum region.)There have been two different explanations for
this behavior. Harar112 has speculated that the hadronic production at the proton
vertex is mainly diffrective. The large four—momentum carried by the virtual photon
(qg) can be carried off by the production of very forward mesonic states; the

four-momentum transferred to the proton can remain small. We call t the sguare of

the four-momentum transferred to the proton. c
. . ov
(See the adjacent diagram) ,(4}?"‘ﬁ;,ﬂ‘<:;7/ja

There is then a minimum value of t

lled t t 2 \Q‘(a/wr'tva/ ”"F
calle min® min depends upon q“, Y # =
and the invariant mass of the forward Practive
. Q%tjwqfe
mesonic states called M'f
. Preten) or

= ¢ 2 2 42 2 A=z, Tsehop
el > ‘”ﬂmin’ = (M'," + 0” )/ (avE) o

Suppose ¥ is 10 Gev and M'f is 2 Gev, than for a lq2| of 4 (Gev/c)2, t need only
be larger than .16 (Gevﬁc)g. Thus the four-momentum transferred to the proton can
be much smzller than thke four-momentum carried by the virtual photon. It is the
four-momentum avsorbed by the proton which directly influences the proton form factor.
In inelastic scattering this absorbed four-momentumpcan be small, Conversely in
elastic lepton-proton scatiering, 211 the four-momentum carried by the virtual
vhoton must be absorbed by the proton, hence the elastic form factors are directed
influenced by q2.

Arother view has been put Torth by Bjorkegsind has been developed by
Feynman“gnd by Drell and his éollaboratorg{ They regard the proton as being
made up of point like particles czlled partons. At high V and high qg: the
virtual vhoton scatters directly from these partons. Since the partons are point
particles they have no form frctor dependence on q2. The only dependence on
q2 comes from the parton distribution in the proton, and this gives a slow
dependence on q2.

Very recently Hararil6 has described a vossible connection between these
two views. He sees the diffractive production of mesons by virtual photons as

involving the creation of gquark—antiguark pairs. Then to quote Harari,"The vossiblity
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of a vhoton-induced production of qusrk=—antiguark pairsin the hadron in one
frame:is translated into the interaction of the photon with an infinite sea of
such pairs in a different Lorentz frame (as viewed by the varton model)",

At present there are no measurements of the hadronic spectrum to test these
speculations. Zome of the authors of this pronossl have proposed a spark chamber
experinment at SLAC to measure the hadronic spectrum from inelastic electron )
scattering. A lower enercy expeitiment af the same type is now being run at DESY!g
These exveriments will produce data thzt will help in the planning of the NAL
experiment, but the questions which we are ssking about the hadronic srectrum
gt 10Gev will have to ve asked again at 100"Gev,

First we have the genersl guestion of how the hadronic spectrum produced by
virtual photons on vrotons will compare with the spectrum produced by pions or
protons on protons. We know the latter spectrum has‘some clear characteristics.

The transverse momentum of the hadrons averages 300 or 400 Mev/c and is almost
independent of energy. The multiplicity of hadrons increases as the logorithm of
the energy. Two body and guaci~two body processes have stirong foruward peaks if
Pomeranchuk or meson exchanse is permitted, Will these properties persist with
virtual photons as the projectile? Of course these questions cannot be completely
answered with the first experiment. But this experiment will produce a complete
negative pion spectrum in angle and momentum and will also give statistics on

the multinlicities of charged perticles. We will also look for forwsrd enhancements
in mass analeosous to the Al and 4 enhancements,.

Second we will specifically snalyze the channel AA *‘f‘P - M +p *i-po
This chennel is difirsctive and sccording to Harari's speculations, the strensth
of thic channel and its q2 behavior whould be independent of K in the 10 to 100
Gev range. At vresent the only extensive studies of this chennelhave been
with real photonsi where the production is definitely diffractive and amounts to 10%
of the total cross section., As discussed by Dieterle’Znﬂ others, the channel
pe .;.P = —"P -}—/)f has other wvery useful nrorerties, By studying the
production and decay distribution of the /2? s the contributidns of the transversely
polarized and sczlar photons can be separated. Vector dominance mekes a definite
prediction for some of the behavior of the transversely polarized photons, buthas
nothing to say about the scalar photons. Thus there is much interesiing drta
in the study of this channel by itself.

Third we will make a preliminary studyof the slow proton spectrum. From the
diffraction model we expect that a majority of the high qz intersctions will

produce slow protons, the proton either being excited to a slow isobar or not
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being excited at all. Apparently at this time, the varton model does not make any def-
inite predictions about the proton spectrum, but it would seem to predict some
enhancement in the production of fast protons. However in this experiment there

is no separation of protons and positive pions. Therefore we will have to depend on
the slow proton snectrum to indicate the best direction for further measurements of

the vroton spectrum
%, .. Aspects of Muon-Proton Inelastic Scattering Not Included in this Proposal

We have not attempted to do very small q? inelastic scattering in this design.
The study of muon-proton inelastic scattering in the range of h?,values of 0.02 toQi2
(Gev/c)? can be used to extrapolate bo 4°= 0 to give the real photon proton cross section.
We do not propose to this because the triggering on very small angles of scatter like
0.5 mrad is very inefficient in the present design and will lead to very large background
problems. Secondly we have not yet made an evaluation of the virties of this method of
measuring the real photon cross section versus the method which used real photons such
as descrived by Toner‘?2 Experience at SLAC and DBSY shows that if an adequate photon beam
is available the direct measurement 1s superior.

No attempt is being made in the proposed experiment to compare muon-proton and

electron-proton inelastic scattering to look for muon-electron differences. First,
because we would have to use muon beam energies of less than 20 Gev so that comparisons
could be made with the SLAC electron.aata; and this would eliminate sll the new,very
high energy physics in the experiment. Secondly a very extemsive comparison is in the
final stages using the results of the SLAC muon experiment2 and another very extensive
experiment will soon be run at Brookhaven 33. The results of these tw@s experiments
must he in hand before further comparison experiments ars designed.
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II1 EXPERIMENTAL ARRANGEMENT

& The Muon Beam

At this time no definite position or configuration for the muon beam can be
selected. The very general guestion appears to be undecided of whether the beam
should be Built in confunction with a neutrino facility or whether it can be built
in conjunction with a hadron beam in Area 2, Therefore we will simply use the
parameters of the type of beam designed by Yamanouchélgithout specifying its location
or configurstion. As summarized in Table 1 of Christenson's report21 the following
parameters are feasable for a 100 Gev beam. We have designed the experiment for
120 Gev but with less flux then estimated for the 100 Gev beam by Yamanouchi
and Christenson., Thus the additional energy will not be a problem.

Muon beam momentum 80 to 120 Gev/c

Momentum spread i5%

Angular spread 12 mrad.

Beam sige 10 em by 10 ¢cm
Flux ‘ 106 rer pulse

The amount of flux which can be used depends upon the resolving time of the
wire spark chambers used in the experiment, There are wire chambers in the mufin
beam after the hydrogen target, which detect both the scattered muons and the
essociated hadrons. We wotild like to use proportional wire chambers in these positions
but there arc¢ two unresolved problems. First some of the wire chambers arz guite
large, and the exvense of the amplifiers for vroportional chambers may be excessive,
Second, we do not know if we can set the desired spatial resolution of 0.3% mm per
chamber with proportional chambers. Therefore we have taken the conservsative altern-
ative and planned for magnetostrictive wire chambers, with perhaps proportional
chambers in the beam regions, With this choice a flux of 106 muons per pulse would

seem to be the maximum that can be used.
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Te. The Experimental Apraratus
A, Measurement of the angle and momentum of the incident muon,

Fig. 1 shows the section of the apparatus which measures the angle and
momentum or ithe incident muon. Mb is a conventional beam bending magnet, 2 meters
tong, with a clezr apezfturse of 10 cm By 10 em and with n field of 22 kgs 1,2,3
and 4 a2re vroportional chambers with a 10 cm by 10 cm sensitive volugie and s
spatial resolution of 1,0 mm, The distances between 1 and 2 and between 3 and 4 are
both 10 m, so that the angles into and out of Mb are known to _t.14 mrad. The
momentum of the incident muon is determined o #1.87, This portion of the
apparatus can handle fluxes grezter than 106 per pulse because proportional
chanbers are used here.

Hl and H2 ar= scintillation counter hodoscopes which determine the transverse
postions of the muon to * 0,5 cm. Thus the angle of incident muon is determined to
*1 mrad in each transverse direction by these hodoscones. This information is used

for trigzger selection,

B, The hydrogen target and msocisted counters.

The liguid hydroecen target is 75 cm long and 15 cem in diameter. The length
was selected in the following way. If only muons were being detected, a much longer
target could be used. But in this lensth tasrget each hadron produced has a 4 %
chance of interacting in the hydrogen before it lezaves the target. Such interzctions
can cause confusion in measurements of the hadron swectrum, in anzlysis of specific
channels and in mezsurements of multiplicity. If on the average 3 chsarged hadrons
are detected, there will be 2 12 % correctiong larger corrections caused by a
lonrer tarset seem unacceptable.

The first set of counters associated with the target are the veto counters,
designated by V in Fig. 2. These counters have holes to let the mein beam
through and are simply intended to veto muons in the Beam halo, Such counters
were found very important in the SLAC exveriment for reducing false triggers,

The second set of counters marked € im Pig. 2 are used to detect charged
prrticles at large angles to the beam which do not enter the spark chamber 5.
There are 16 C counters around the sides of the target and 4 C counters at
the back end., The € counters ame desipned to measure the multiplicity of the
charsed particles not seen in the spark chambers. They do not measure the angles
of these perticles except in a very rourh way. The total cherged particle multiplicity
will be the total counts in the C couhters plus the charged particles detected in

chamber 5. It is clear that too bigh a flux would also make this messurement
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difficult.,

The third set of counters marked P are 3 m from the target and subtend an angle of from
45 to 90 degrees from the mean beam line. However they only subtend an arc of 10 degrees
about the beam axis., Their purpose is to sample the slow proton spectrum and they are not
expected to be useful in the general analysis of an event. We expect to time the protons
to .25 nsec., using these counters and the C counters. In addition to identifying slow
protons and roughly determining their momentum, the P counters will also measure their

angle with the beam to 5 degrees.

C. The analysing mesgnet and associated spark chambers.

The magnet Ma should have a clear aperture of at least one square meter and the
product of particle path length and magnetic field should be about 20 kgauss meters. A
particular magnet cannot be selected now because we do not know what magnets will be built
at NAL. Some possible magnet designs have been discussed by Perl1. This magnet should be
the same magnet as is being requested by the NAl-Columbia group for their muoproduction of
W experiment. They are proposing a magnet with a 2 m by 1 m aperture-and a 2 m deep field,
The Harvard proposal which will be a collaboration with us is based on a 60 in. by 30 in.
aperature and a 82 in. deep field. Oér design of the experiment is based on this same
size, using the Columbia design as the nominal size.

The angles of the particles leaving the hydrogen target and entering the magnet are
determined by the wire chambers 5 and 6. These chambers each have a spatial precision of
0.35 mm. They are 5 m apart resulting in an angular precision of $0.1 mrad. Chambers 7 and 8
are similar to 5 and 6, but larger. They are also 5 m apart and provide an angular precision
of* 0.1 mrad. basically

The acceptance of the apparatus is/fixed by the aperture of Ma. It will be I 120
mrad in the vertical plane and 1 60 mrad in the horizontal plane. However to avoid mgking
the chambers 7 and 8 too large, the vertical acceptance will be further limited by

counters to1100 mrad.

D, Muon identification.

To identify the muon we use a method which has proven to be very successful in the
SLAC muon experiment. A muon is identified by its ability to pass through 1.5 m of iron
without interaction. The path of the muon is detected by chambers 8,9 and 10. The muon may

bend no more in the iron than can be accounted for by multiple scattering,
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E., Trigeer Hédoscope

The trisger hodoscope consists of three plenes of scintilletion counters Tl1,
T2, 2nd T3. The muon beam passes through the central counters in T1 and T2, but
the central re~ion of T3 does not have counters. Thus an unscattered muon will
not be detected in T3. T3 is also behind 1.5 m of iron. Scattered muons will reach
T3, but hadrons will interact snd the interaction vroducts will be absorbed
before T3. Thus a count c¢rn be obteined in T3 only from = scatter~d wmuon.

The hodoscoves T1,T2,T3 are connected to a fast logic system which makes the
followirig demands on the counts fmom the T counters. The counts from T1 and T2
must be such that they cecome from a varticle that makes an angle of at least
§ nrad with the incident besm direction. The associated count in T3 must come
from a counter in T3 so that the particle detected by T1 and T2 had z2 momentum
gre-ter than 10 Gev/c.

Of course when forward hadrons are produced there will be seversl counts in
both T1 and T2. Therefore the TIT2T3 logic set up to detect a scattered muon
of ereater then 10 Gev/c momentum can certainly produce false triggers. For example
there might be a hadron at - greater than & mrad. »nd a very smzll sngle scattered
muon which combine to give the desired trigger. We do not contemplate setting up
a very complicated fast logic system to sort out these false triggers. Rather we

depend on the wire chamber information beins sorted out in a small buffer computer.

F. Trigeering HYethod
The trigger reguirement is H1H2TIT2T3¥, The T1T2T3 counts must meet the
restrictions discussed in the last section. There must be only one count in Hl
and only one count in H2. The H1H2 combinstion must define a beam particle
whose angle is less than 2.0 mrad with respect to the beawm direction.
There is no comparison of the angle defined by H1H2 and the angle defined
by T1T72?. Therefore the ~ngle between the incident and scattered muon has a

mindmum which varies between 3 and P mrad.

G. Precision of momentum determination.

If we assume that 20 kgauss neters is availsble to bend the particles passing through Ma,
then for a momentum p' (in Gev/c) the bending angle, called X,is given by ol ="600/p' mrad.
p' will vary from 10 to 110 Gev/c leading to values of ¢ ranging from 5.4 to 60 mrad. The
total error in ol will be? 0.14 mrad. Thus the error in momentum will bet 2.3(p'/100) %. The
20 kgauss meter parameter is conservative, a 2 m deep magnet might give 30 kgauss meters,

reducing the momentum uncertainty by one third, which would be desirable for the larger p'.
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8. Bvent Rate for Measurement of Cg;p

To estimate the event rate we have used predictions of Eos. 11 and 12,
accepting the theoretical speculations that this behavior will persist in the
100 Gev range. It is also necessary to assume some average value for SO(K), the
total cross section of real photons on protons at energy K. From 6 to 16 Gev
this cross section decreases slowly from 118 to 113 }Lbarnszl. We assume the
slow decresse will not accelerate and use an average value for So of 110

Mbarns over the K rance of 10 to 110 Gev. Thus we use the eguations

i

110/( 1.0 + 2‘q2l ) Adbarns (14
110/ qu%) M barns (15

for lqglé,l.o (Gev/c)2

for IQZL) 1.0 (Gev/c)2 P

xp

[t}

(HQ (Dq

The event Tate is based on a P cm lonec hydrosen target, 106 muons per pulse and
800 pulses per hour. We have assumed the acceptance for muons to be 2/3. Some muons
are lost because the combin-tion of their scattering angle and their momentum
vuts them st the center of the T3 hodoscope where there rre no counters.

There is a cut off for low q2 events because there is only a known acceptance
flor the muons when their angle of scatter is ereater than P mrad.

There is =2 cut off for large q2 events because the maximum angle of scatter of
the muons is about 80 urad. This cut off eliminates high q2 events a2t large X
values, However the rates sre so low in this resion thast this cut off does not
cauge & loss of useful dsta.

Trble I vresents the number of events mer hour. These are events in which the
scattered muon is detedted. Most but not all of the events will have accompanying
hadrons, We are designing for 200 hours of effective runnins time at 120 Gev and
100 hours at 80 Gev. Table I chows the event rate for the 120 Gev deta. Multiplying
the numbers in the table by 200 will thus give the expected statistics, for the
120 Gev data. The 80 Gev data will have about one third that number of events.
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TABLE I

Incident muon momentum = 120 Gev/c

Numbers in the table are events per hour., Multiply by 200 to get the statistics
for the exverinent.

The absence of =7 entry indicstes that the region is outside the low qz or high

q2 cut offs,

K interval (Gev) 10 to 30 30 to 50 50 to70 70 to 90 90 to 11C
qg iaterval (Gevfc)2

0.2 to 0.5 20 7.5

0.5 to 1.0 110 42 21 11 3.9

1.0 to 2.0 66 24 12 6.1 2.3

2.0 to 4.0 31 12 5.7 2.9 1.1

4.0 to 6,0 10 3.9 1.9 1.0 .36

6.0 to 8.0 5 o4 2.0 1.0 0.5

8.0 to 12.0 5.4 2.0 1.0 0.5

12.0 to 16.0 2.7 1.0 0.5

16.0 to 20.0 1.6 0.6
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'Ef;f?BackSTOHnd Considerations

False or useless triggers will occur in the following cages,
1. A Mixed Hadron-Muon T¥igger. This is described in Section‘?z E; 4 hadron gives a count in
T1 and T2, this count when combined with a small angle muon scattered into T3 gives a
false trigger.
2. Elastic Events. Elastic events cannot be used because the energy resolution is not good enowgh
to separate elaastic and very low K inelastic events.
3« Low K Inelastic Events. The problem is the same ms with elastic events; furthermore these
events are not useful because better data can be obatined with electrons at SLAC
4. Low q2 Inelastic Events. The cut off at 7 mrad is not sharp; muons which scatter with as
little as 3 mrad may be detected by T1T2T3.
5. Besm Halo Muons. There is less than one useful event per million muons. The stray muons in
the beam halo which give the trigger described in Section VI F, must be reduced toiiess.than 5 o
0= per million beam particleseslt: :.
The output from the wire chambers must be examined in a small on-line computer to
eliminate most of these background events. Type 1 can be mostly eliminated by seeing if there
is a connected muon track through chambers 5 through 10 in the plane perpendicular to the
plane in which the particles bend. Type 5 can be eliminated by tracing back the muon from
chambers 6 and 5 to see if it intersects the fiducial volume in the target. Some of Type 4
and some of Type 2 can be eliminated by checking the scatiering angle of the muon. But most
of Types 2, 3 and 4 will have to be put on tape for off-line processing.

An estimate of these backgrounds is given in #ppendix A,

J©, The Separation of % and C}'é

We propose to run two thirds of the time at 120 Gev/c and one third of the time at
80 Gev/c; and to separate CT' and CT' at K= 60 Gev. Using Eq.1l0 we find that for the same
Aq_ bin the ratio of the number of events at 120 Gav/c ( called K( 120,60,Aq ) to the
nmmber of events at 80 Gev/c ( called N{(80,60, A ) iss

M G20,60,4) _ (/3)(1a) [1-25 O +9%) (16)
" N (80,60,04) ('/3)0/‘*)@ 125 0= +a']

Suppose we can measure this ratio r to+ 5%, than Table II gives the error in the ratio Cxi??z; .
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TABLE II
03/0"1— Error in Cg/ff’r
0.2 +0.2,-0.2
0.5 +0.3,=0.2
1.0 +0.5,~0.4
2.0 +1.0,~0.6
5.0 +3.6,=3.1

Given the normaliztions problems in a high intensity muon experiment we cannot expect
to measure the ratio r to better thani 5%. Furthermore En.1l6 shows that the number of
events in the 80 Gev/c data will be about one half of the number in the 120 Gev/c data
for K = 60 Gev. Looking at Table I we can see that for 200 hours of rumnning at 120 Gev/c(a.nd
100 hours of running at 80 Gev/c) the highest lqzl (for K = 50 to P0 Gev) at which we
can measure r to 1 5% is 4.0 (Gev/c)z.

The situation is not very different at other K values. In general we expect to get
the gegree of separation indicated in Table II for the K interval of 30 to 50 and the K
interval of 50 to 70 Gev, with quf values up to 4.0 (Gev/ c)2. An increase of event rate
would be most valuable for this separation. However we feel that to expect to use substan-
tielly more than 106 muons per pulse for the first experiment of this type at NAL would be
unduely optimistic. The limitation on event rate we expect will be the Background events
and triggers discussed in Section "G~ f, only experience can show how to reduce this:background.
We expect that in future experiment; ‘the muon beam and the event rate will be increased by
a factor of 10 or 20 with much better separation of 0,; and .

‘[; Measurement of the Hadronic Spectrum and of the Multiplicity

The avgrage acteptance of.the magnet:fof charged particles from the hydrogen target
is ancdl §0 nrad. For a transverse momentum of 0.3 Gev/c, particles with longitudinal mom-
mentmr greater than 4.0 Gev/c will be accepted. Even for a high ( according to present
ideas) transverse momentum of 0.9 Gev/c, particles with longitudinal momenta greater than
12 Gev/ ¢ will be accepted. Thus most of the charged hadrons will pass through the system
and their angles of production and their momenta will emeasured, unless the distribution
of transverase momenta is much broader than we now expect. But even in that case the difference
between the obhserved spectra and the expected spectra will be obvious.

The accpptance for charged particles which do not go through the magnet is much
larger, about 7150 mrad. While we will not measure the momenta of these particles we
will measure their production angle.

The combination of the chambers 5 and 6 and the C counters ensures that all charged
particles produced in the target will be detected andithe charged particle multiplicity will
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easily be determined as a function of K and q2.

The éﬁééérﬁﬁ 6% slow protons at angles larger than 45 but small than 90 degrees will
be sampled by the counters P. Protons with less than 200 Mev/c will stop in the target, and
protons with momenta greater than about 700 Mev/c will not be aeparated from pions. But
we will obtain a measurement of the rough angle and momentam spectrum between these
limits and this will tell us if there is anything umexpected that merits further study in

& later experiment.

Y- The Channel A +p—> ,o&«‘}9-+{A>°
The study of this channel has been discussed in the report by Perl1 and the theoretical

implications have been discussed by Dieterle19

» We expect that the mass resolution on the
rho meson will be about 9 Mev. The uncertainty in the transwerse momentum of a particle
is i10_4p where p is the momentum of the particle in Gev/c. The particles will have
momenta from roughly 10 to 100 Gev/c leading to uncertainties in the transverse momenta of
1 to 10 Mev/c. Thus by measuring the muon and the two pions we will be able to get a good
measurement of the transverse momentum given to the recoll nucleonic system.

The measurements of the muon and the two pions by themselves cannot definitely
determine the masss of the recoil nucleonic system and hence cannot insure that just a
proton recoildd. This is because we always have an uncertainty in the longitudinal
momentum of several Gev/c. The further determination of the channel depends upon the use of
the C counters. If only a proton is produced in addition to the muon and the rho meson, there
are two possibilities. The proton may be very slow and may stop in the hydrogen target; then
there will be no count in the C counters. The other possibility is that the proton produces
a count in the C counters. But then the direction of the proton will be roughly given by
the C counters, and that direction must agree with the direction predicted by the measurements
on the muon and pions.

Preliminary calculations indicate that if the rho meson production is about 10% of
the total cross section the background contamination from other channels will be small, If
the rho meson production is less than 2% of the total cross section, we will only be able
to mdasure the rho production cross section, but we will not be able to study angular
distributions in production and decay. As discussed in Section IV we expect a 10% cross
section and a lower cross section will be a great surprise and will be of great interest.

} 3 Running Time Required

200 hours using 120 Gev/c muons and 100 hours using 80 Gev/c muons are requested
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IV APPARATUS

The National Accelerator Laboratory would be expected to provide those parts of
ééuipment normally supplied by an accelerator laboratory. This would comprise the
magnets and shielding for the muon beam, the hydrogen target and the analysing magnet.
The analyzing magnet has been discussed is Section 7. As discussed in that section
the same magnet is required by the NAL-Columbia muoproduction of W experiment. The
magnet would have an aperture ranging from .75 m by 1.5 m to 1 m by 2 m. The depth
would be 2 m. The product of the particle path length and the field should be at
least 20 kgauss meters.

The spark chambers, scintillation counters, special electronic equipment and
electronic interfaces would be provided by the collaborating experimental groups.

The situation with respect to two types of equipment is still not clear. First
will NAL provide the conventional modular electronic equipment for counter logic?
Second, will there be on-line computers of any size available at NAL for use with
the wire chambers? Or should the experimenters plan to provide their own computing

devices for the chambers?
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Appendix A,

In this appendix we give some quantitative estimates of the backgrounds. in the
experiment which are relevant to the triggering efficiency. These backgrounds are
given in terms of the cross section per hydrogen atom in microbarns. For comparison

the total cross section for the useful events which comprise Table I is

c’éood inelastic ~ 0.29 microbarns.

We now consider each of the backgrounds listed in Section 9, page 18. The low angle
cutoff is the crucial element in all these calculations., We have taken a pessimistic
estimate of the low angle cutoff and assumed that the collection efficiency for the
muons decreases from 0.67 at 7 mrad to 0.0 at 3 mrad. This is based on the simple
trigger system described in Section 7E and 7F. If more constrained triggering is used
the backgrounds can be decreased. For example, in this design no attempt is made to

use the counter logic to compare the incident muon angle with the scattered muon angle.

Background From MuemsProfon .Blastic Scattering

We have used the elastic form factors as found in muon and electron experiments. We
find
Orvackground elastic i+ D 0.15 microbarns

Background From Muon-Electron Elastic Scattering

We include here the false triggers from the scattered muon, which reaches a
maximum angle of 4.8 mrad.{(This background becomes very large if one tries to do
muon—pfoton inelastic scattering at very low q?, unless special provision is made to
veto these events.) We do not find any false triggers from the scattered electrons,
ngackground elastic U+e 0.69 microbarns
Background From Small K Inelastic Events

We include here those inelastic events whose K is less than 10 Gev and whose
scattering angle, for the muon, is greater than 7 mrad. These are a large background.
I do not see any way to veto these events, because it is a question of distinguishing,
by counters,a 120 Gev/c muon from a 110 Gev/c muon through the difference of their
bending angles in the analyzing magnet.
= 1.26 microbarns

cj%adkground small K inelastic

Background From Low g2 Inelastic Lvents
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We include here those inelastic events of any K value whose muon scattering angle is
between 3 and 7 mrad. We find
Cy%ackground low q2 inelastic_ 0.24 microbarns
Background From Mixed Muon-Hadron Triggers

This is discussed in Section 7E. The exact calculation depends on the beam phase
space and some knowledge of the hadron spectrum. We have made a'hand'calculation based
on our muon experiment at SLAC. We are now preparing a computer program to make a more
detailed calculation. The design of the trigger counter sizes and placement is closely
related to this calculation, and both in turn depend on the muon beam design. Therefore
we will wait for the final beam design before proceeding with the computer calculation.
Cyiackground mixed muon-hadron trigger ~ 0.8 microbarns
The Total Background

Adding up the five compoments of the background we find
cj“background total = O°! microbarns

Thus the triggers from background events will be 11 times the triggers from
good events. Of these triggers, 1.3 microbarns can be eliminated in a small on-line
buffer computer by testing the continuity of the muon track in the stereo view or
by calculating the scattering angle of the muon ., However 1.8 microbarns will
have to remain on the tape with the .29 microbarns of good events; the good events being
separated by the full analysis program.
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NAL PROPOSAL No. 5

July 6, 1970

Addendum to the Muon-Proton Inelastic Scattering Proposal from M.L.Perl et
al.,, Stanford Linear Acclerator Center.

In the proposal for a Muon-Proton Inelastic Scattering Experiment at

NAL, submitted May 25, 1970, it was stated that this would be a collaborative
effort., The contribution to be made by SLAC was not specified because general
discussions were under way at SLAC as to the extent that SLAC experimental
groups should participate in NAL experiments, The Stanford Linear Aemelerator
Center on Juyne 23, 1970 issued a statement of Policy on SLAC Participatiom

in Work at The National Accelerator Laboratory. In accordance with that policy
SLAC's contribution to the collaborative effort will consist of the following.

1) Of the experimenters listed in the original proposal, only the following
will now participate in the proposed experiment.
a) M,L.Perl, T.F.Zipf and perhaps one other senior SLAC physicist.,
b) B. Dieterle will be leaving SLAC for the University of New Mexico in
October, 1970 and will participate as a faculty member from that
institution.

2) The contribution of SLAC equipment such as spark chambers or electronics
is limited to those items which can be borrowed on a non=priority basis.

3) The construction of equipment or devices at SLAC will require reimburse=—
ment from sources outside of SLAC,

We believe that the major contribution that we will make to the
collaboration is the providing to the collaboration of the knowledge and
experience that we hve gained during the construction, operation and
analysis of an extensive muon-proton inelastic scattering experiment at SLAC.
We believe that our contribution will ensure an efiicient and fruitful
experiment .

Wl L. il

Martin L. Perl




	Fermilab-Proposal-0005
	Fermilab-Proposal-0005-Addendum

