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l. 

A Study of the Forward Production of Massive Particles 

1 . I ntroducti on 

An important class of hadron reactions remains largely unexplored by 

modern high sensitivity, high resolution experiments. These are reactions 

which proceed through non-diffractive t-channel exchanges to produce a 

high-mass particle in the forward direction. Although the cross sections 

are in the nanobarn range these processes have unique kinematic features 

which may substantially improve the signal-to-background levels compared 

with the much-studied region near x = O. The kinematics is also well 

suited to high sensitivity studies where a selective trigger"is essential. 

The proposed experiment is designed to use a beam of 1010 pions/pulse 

and offers - 8 % acceptance for two body decays within the accepted mass 

bite. This yields a sensitivity of about 2400 events/picobarn in a 1000 hr. 

run. The mass resolution is 0.5%. 

We propose to use a high flux pion beam at 50 GeV and to study the 

mass spectrum from 1 to 4 GeV/c2. The 2-body final states pp, 

lepton-hadron, and lepton-lepton would be detected. 

Although the experiment is a sensitive search in a relatively unexplored 

kinematic region, there are some obvious -reactions of interest. These include 

DC (associated production of a charmed meson and charmed baryon) and 

nc N The rate of detected events is estimated to be over 100 events/hour 

both reactions. The former reaction is of particular interest since if it 

were detected with sufficient cross section the charmed baryon mass spectrum 

could be studied by miSSing mass techniques. 
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2. Apparatus 

The detector exploits the fact that the forward going particle carries 

almost all the energy of the incident beam and is produced 'flith a transverse 

momentum of only a few hundred MeV/c. Thus the PT of the decay products is 

largely determined by the mass of the parent. 

The detector consists of two parts, shown schematically in Fig. 1. The 

first part magnetically selects pairs of particles in a mass region of 

interest.while the second part analyzes the pair-mass with high resolution 

and identifies the mass of each track. 

The mass selecting system is shown in detail in Fig. 2. It is a set of 

dipoles located just after the target which causes secondaries of a given 

PT to cross the beam axis a fixed distance downstream. Since the secondaries 

from the 2-body decays of interest have nearly equal and opposite PT both 

particles cross the beam axis at the same downstream point (- 9 m from the 

target). An adjustable collimating slit- 20 cm x 60 cm aperture is located 

at this point. The mass of the selected system is determined by the fields 

in the magnets while the accuracy is determined by the slit aperture in the 

bend plane. The transverse position of a particle at the slit is given by 

x = (PT - APT ) 
L 2 

where APT and L are the PT - kick and length of the dipole system and PT and PL 
are the transverse and longitudinal momenta of the particle. 

The downstream face of the mass selecting system is well shielded except 

for the smalll exit aperture. A hevimet pl ug is located in the neutral 

secondary beam, half-way through the dipoles, to protect the analyzing 

spectrometer from neutrals. The plug is far enough downstream so it does 

not intercept the non-interacting beam. This beam is bent to one side and 

transported downstream to a dump'behind the detector. An important feature 
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of this system is that no detector element of the downstream spectrometer 

views the target directly. 

The mass selection system has been designed \'/ith standard ANL beam-line 

dipoles. The gap height, in the four magnets is 6-in., 15-in., 

and to accommodate the divergence in the non-bend plane. 

Downstream from the mass slit is a high resolution spectrometer. 

The exact design will depend on the magnet available. Figure 1 shows a 

design based on a magnet with a 2-m wide aperture, a l-m high gap and a 

PT-kick of 0.5 GeV/c. For a given mass setting of the upstream magnets 

two regions 60 cm by'l mare illuminated on the entrance aperture of ' the analyzing 

magnet. The position of these regions varies with the mass setting. 

It should be noted that for the trigger, the momentum of tracks entering 

the analyzing spectrometer is already closely correlated with position. 

Thus fairly precise requirements on the mass and total momentum of 

the triggering pair can be imposed at the trigger level. It would be 

expected to have a two level trigger, the first using standardNIM electronics 

and the second based on a custom digital processor. The data acquisition 

system would be designed to handle events/pulse. 

Gas Cerenkov counters are used for 1f, K, P separation. A lepton 

identifier is placed at the downstream end of the detector. 

The mass resolution of the system is limiteq by multiple scattering in 

the 0.2 absorption length beryllium target to - 1 MeV/c at the D mass. 

3. Beam 

A high flux pion beam with good spot size is required. The new Ml 

beam is particularly attractive. It appears that at a momentum as low as 

50 GeV/c the horizontal and vertical acceptance of this beam can be each 

doubled by using a tune with half the wavelength of the standard tune. This 

increases the low momentum flux by at least a factor of 4 and leads to a 
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yield at 50 GeV/c of over 10 /pulse for 5 x 10 interacting protons. If 

fluxes larger than this are available the momentum bite of the beam would be 

reduced. 

Muons are a potentially serious problem with this beam and must be 

carefully handled. At 50 GeV/c over 20% of the pions and 80% of the 

kaons decay in the first 960 feet. Spoilers are probably required and 

possibly a sharp bend just before the target. 

4. Rates 

The acceptance of the mass selection system is determined for the 

reaction nN + DC by Monte Carlo calculation, using the t-distribution 
lKn 

(1)"'3. 5 
est"imated by Field and Quigg of e We find an 8% acceptance. 

Assuming that the analyzing spectrometer has complete acceptance for these 

events the event rate/hour/picobarn of production cross section (Ba) is: 
-362 9

10 (cm /pb) x (2 x 10 ) (interactingn/pulse)x 300 (pulse/hr)x 0.08 (acceptance) 
. -27 2 
20 x 10 (cm) 

= 2.4 ev/pb/hr. 

Thus in a 1000 hour experiment one could hope to collect 2400 events per 

pi cobarn. 

The total cross section for·nN + D C where C is any system with a mass 
2

less than 3.5 GeV/c is estimated by Field and Quigg to be 2.5 nb at Einc = 
50 GeV. This yields an event rate from Dis in the Kn channel of 

2500 pb x 0.018 (probability of 0 to Kn) x 2.4 ev/hr/pb 

= 108 events/hr. 

It should be noted however that the cross section to particular charmed 

baryon channels are estimated to be - 300 times smaller. 
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The coincidence background is a major concern and is very difficult 

*to estimate. The contribution from one exclusive channel, namely K (1780)n 
! 

is estimated to be 400 pb if 1% of this cross section lies in the mass bite 
(2.) 

of interest. The through this channel from the K-component of 

the beam is about 15% of the above due to the small fraction of kaons which 

reach the target. 

We are investigating methods to improve the signal to background ratio 

for D production in the channel. One possibility is the Fitch method 

of detecting a coincident-pion arising from D* The Q-value in this 

decay is only about 6 MeV so that the pion comes off close to the D * direction. 

In this experiment the pion would be detected by bringing it out in a channel 

through the spacer plates used to open up the gaps of the mass selecting dipoles. 
(I)

A second interesting reaction with cross section estimates available is 

n If one assumes that l<uU + dd, n >12 nc . r2 c is 1% as suggested, then 

ncn) - 80 nb at 50 GeV. If the branching rato of nc to pp is taken 
-3 

to be the same as the J/$ (2 x 10 ) then the event rate ;s 
3 -3 

80 x 10 (pb) x (2 x 10 ) x 2.4 (ev/pb) 

= 380 events/hr. 



5.  

5. Request 
10We request 1000 hours of data taking in a 50 GeV pion beam with 10 

pions/pulse and a good spot size. The latter is necessary for good mass 

resolution. We would need the mass selecting and analyzing magnets, an on-line 

computer system and PREP electronics. We would expect to supply the 

PWC1s, scintillator hodoscopes, Cerenkov counters, and special triggering 

logic. 

6. Conclusion 

This experiment would explore a unique class of reactions which have 

received little attention at Fermilab. It is designed to exploit the high 

sensitivities offered by the high flux pion beams. The experiment is 

sensitive to several reactions of current topical as well as 

having more general capabilities. In particular the mass spectrum of 

lepton-hadron final states is largely unstudied and could reflect semi· . 

leptonic decays of a more massive system. 
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ADDENDUM TO P-6l5  

I. INTRODUCTION  

There have been a number of developments in P-6l5 since its review by the PAC. 

we find that the P-West beam would be acceptable and the overall 
,cost of the experiment wOl,lld be reduced by a factor of "'2.5 from earlier 
estimates of the Meson Department. The details are outlined below. 

new physics results have come to light which suggest that an important 
first phase of the experiment is a study of p-pairs produced in the forward 
direction. This measurement is technically easier than the hadron pair study 
and the physics issues are well defined. A desire to study this channel was 
expressed in the original proposal although the case was not developed. We 
are still very much interested in forward hadron pairs but would propose this 
as a Phase II study. Presently approved experiments are poorly suited to 
study forward p-pairs because they contain toroidal field geometries and/or 
beam dumps which Jead to poor acceptance at large xF• 

II. PHYSICS MOTIVATION 

There is mounting evidence that p-pair production in interactions occurs 
through quark-antiquark annihilation. If this is the mechanism, it offers 
a method of measuring the quark structure function of the pion. Tests of the 
model and a structure function determination were done in Fermilab's E_444. 1

,2 

The structure function is obtained from a measurement of the cross section in 
terms of Feynman-x of the p-pair (xF) and the pair mass M. The x-values of 
the two annihilating quarks (Xl and X2) are given by energy-momentum conserva-
-tion, neglecting tran'sverse momenta, as 

XlX2 = M2/S 

Xl - X2 = xF 
Berger and Brodsky 3 have pointed out that in the kinematic region where the 
x of the quark from the pion (Xl) becomes. large, the quark goes off shell. 
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More explicitly, the quarkts Q2 goes like kr 2 /(l-xd'",nere kT is the quark 
transverse mOlnentum. Thus the kinemati c. region probes the "far-off-shell, 
short distance internal dynamics of the hadron wa.Ve function." 3 It is reason-
able to expect that in this high momentum transfer limit one may understand 
the process in terms of a model based on QeD. 

Berger and Brodsky invoke a simple model involving single-gluon exchange 
between the valence quarks of the pion. They conclude that the cross section 
for the nN+)..I\t+ ••• should go like 

(1-XI)2 (1+cos 2 a) + <kT2>/M2 sin2a 

in the large Xl region. The first term is the scaling component of the cross 
section and corresponds to transverse polarization of the virtual photons. 
The second term is explicitly scale breaking and is identified with longitudinal 
polarization. 

These predictions have been compared with the E-444 data. If a sin2 a component 
develops in distribution for large Xl and if the distribution is 
fit by 1 +acos2a, a should decrease as Xl becomes large. Figure 1 shows the 
angular distribution for three different lower bounds on xF• Since the data 
fall very rapidly with xF the mean value of xF for each plot is close to the 
lower bound. Moreover, since M2 and s are fixed, Xl increases with PF' . The 
anticipated trend is observed. In Fig. 2 the value of a is plotted as a 
function of xF and compared with the predictions of the model for two different 
masses. The data themselves are characterized by a . mass of ·-4 GeV. The data 
are consistent with expectations. 

In our recent publicatfon2 we find a good phenomenological fit to the structure 
function at large X by the form (l-x)l. We have tried the al ternative form 
suggested by Berger and Brodsky of 

q{x) - {1-x)2+ <kT2> 

and obtain an equally good representation. The value obtained for <kT2> is 
-1.2 GeV in agreement with expectations. 



I 

- 3 -

We conclude that existing data is '11 accord with the model. 

Obviously better quality data at high x is especially since this 
is the region where quantitative understanding may be possible. If we are 
ever to test QCD it must be in a relatively clean such as 
where one mechanism is expected to dominate. Theoretical work is underway 
at SlAC to determine the extent to which 'the model predictions reflect the 
basic assumptions of QeD and how other effects might enter. 

To observe clearly the scale breaking term requires good acceptance at large 
xF• In addition it is important to have good acceptance in cose to isolate 
the structure function components associated \vith transverse and longitudinal 
photon polarization. The general form of the cross section in terms of 
structure functions t even in the fon-mrd direction, is much more compl i cated 
than the predictions of this simple model." 

To eval uate existing detectors for such a study \'Ie note that at M=8GeV, 
= 2.50 GeV the two terms in the structure function given above areEinc 

equal at Xl = 0.94, or xF = 0.8. For an exactly symmetric ll-pair with 
(cose = 0) and with zero PT the muons have a lab angle of 32 mr. For 
cose = 0.5 the angle is 16 mr. The lower limit of the acceptance in [-326 
is 30 mr and in Telegdi's CERN experiment:. it is 32 mr. The acceptance in 
E-605 is limited to xF 0.5 because of the beam dump.5 These acceptance 
difficulties are reduced at higher masses but as we will see below the small 
production cross section at high xF precludes the use of much higher masses. 

III. APPARATUS 

We propose to use the apparatus described in P-6l5 with a hadron filter installed 
in the mass, selector magnets. Figure 3' shows the detector. A nuclear ta'rget 
of -50% interaction probability would be used just upstream of the mass selector. 
At a later stage a hydrogen/deuterium target might be used but this is not 
envisaged at the present time .. A drift distance of -1 m. separates the target 
from ,the filter ·to permit isolation of the production point during analysis. 
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(1) Hadron Fi 1ter /' / 

The filter wou1 d be a low Z ,JlMte;ial such as i urn or carbon 
of as short a length as is consistent with an acceptable downstream 
counting rate. Detailed studies of this length are now underway but 
if the tilter beryllium extending 8.5 meters (23 absorption 

·1 engths), then the charSEd hadron f1 ux at the downstream face wi th 
the magnetic field off would be.-2 x 106 'for 1010 incident pions 
at 100 GeV.6 A high density carbon filter gives the same flux but 
leads to a deterioration in mass resolution. We expect that 
the field will further reduce the charged hadron flux and that 
distance between the shield and detectors will effectively reduce 
the rates. 

(2) Muons in the Beam  
To avoid the muon component of the beam we divi"de the detector  
elements at beam height and provide a gap in the median plane.  
The height of the gap grows with distance from the target to match  
the divergence of the beam (-1 mr). The multiple scattering angle  

. of beam muo'ns at 75 GeV (the lowest energy we expect to use), 
induced by the hadron fi lter is 1.0 mr. 

(3) Mass Selection Magnets. 
A collimator at the downstream end of the mass selector, as described 
in P-615, is suitable for studying hadron pairs but is of no 
when muons are involved•. It would be removed. In this mode of 
operation the mass selector sweeps out low Pr and. low xF muons and 
hence provides a cutoff on low mass pairs •. Higher mass pairs are 
accepted with an efficiency of at M:= 8 GeV and xF = 0.9 for 

. a 250 The higher mass acceptance is limited by the '\,/idth of 
the mass selector magnets. The efficiency falls to at N = 11 
GeV. 

I 
I 
t· r..... -- .. ...----. ----
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(4) Background from Hadron Decay and low Mass Pairs 
We have done a Monte Carlo calculation to estimate the muon flux through 
the detector from the decay of hadrons produced in the target and hadron 

+ +filter. Production cross sections for n-,K- were parameterized  
as a functi on of xF and Pr Nuons from the decays of these hadrons  
were tracked through the mass selection magnets, including the flux  
return yokes. With the selector magnets energized at 18 Kg and 2 x 109  

interacting pions of 250 GeV we find that the detector sees 6 x 104  

single muons from hadron decay.  

To estimate the muon flux from low mass p-pair production we have- 
used our o\'m measurements from E-331. With the same conditions as  
above we find that the detector sees 4 x 103 single muons from pairs  
and 240 low mass pairs. The tracks of the pairs diverge sharply  
and can be easily identified and eliminated using the trigger logic  
of the downstream spectrometer.  

We conclude that muon fluxes from these sources are entirely acceptable.  
Without the sweeping of the mass selection magnets fluxes  
would be more than bw orders of magnitude larger.  

(5) Muon Halo of the Beam 
Our colleagues with the E-326 experiment have made detailed studies 
of the muon halo in They conclude that with a beam energy 
of 200 GeV and 1013 incident protons t the muon halo is 
This flux is manageable but accidental triggers involving halo 
muons must be guarded against. 

(6) Acceptance and Resolution 
As outlined below an important aspect of the experiment involves 
measuring the pion structure function \'/ith data of two different mass 
values but the same N2/s. This involves masses of 4 GeV at 75 GeV 
incident energy and masses of 7.3 GeV at 250 GeV incident. 

Shown in Figures 4 and 5 are the acceptanaes at two different 
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dent as a functi on of xF ;PT' and the eM decay angles 
In the large xF region of interest, the efficiency is 

.,at the higher energy and 8% at the lower setting. These are 
va:vsubstantial values for the interaction rate employed. 

:De haSS resolution is dominated by multiple scattering in the hadron 
filter. We estimate a mass resolution with a carbon filter of MeV 

,aaf roughly independent of pair mass. This resolution depends on 
ii'itting the pair trajectories to a common production point as was 
dme in E-33) and E-444. 

:  

. 
-; 
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IV. STRATEGY 

The goal of the study is to measure the pion structure function with high 
precision at large x. The method is set out in our recent publications 
from E-444. 2 It amounts to measuring 

" XIX2= N2/S  
Xl - X2 := XF 

where 

and 

It is of particular interest here to isolate the scale breaking term in 
f'IT(Xll predicted by QCD (1/f12 term). This is done by measuring the pion 
structure function using data with at least t\'IO different masses. Unless 
care is taken the nucleon structure function contributes differently at 
different masses since XIX2= M2/s. To avoid uncertainties associated with 
the nucleon structurel> one must keep X2 fixed by varying s with M2. Thus 
the scale breaking term is isolated by subtracting structure functions 
measured at "" and s but fixed M2 /s. would propose to take 
data at Einc -75 GeV and Einc -250 GeV and to determine the structure 
funct i on from data \<li.th M-4 at 75 GeV· and x 1250/75 = 7.3 GeVat 
250 GeV. If the scale breaking term varies like 1/M2l> its size changes 
by a factor of 3.3. Figure 6 shows the expected errors on the structure 
function measured at the two different beam energies if Berger and Brodskyr s 
analysis is correct. The statistical errors correspond to 600 hours at 

= 250 GeV and 200 hours at Einc = 75 GeV with 1013 incident protons Einc 
per pulse, and 300 pulses per hour. 

v. COSTS 

The cost of the experiment is substantially reduced by using the P-Hest beam 
and experimental area. Costs directly attributable to the Ml location which 
would not apply in P:"\oIest amount to $830Kl> leaving $484K according to the 
Meson Departmentrs impact statement. John Peoples indjcates that the 
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spectrometer analyzing magnet may be considered as Research Division equipment 
.and not charged. explicitly to this exper-iment. This reduces the cost to $324K. 
Most of this is in the mass focusing magnets and we are working with Ron Fast 
toward further reductions. Inevitably there will be some added costs unique 
to P-West. Thornton Murphy is investigating the adequacy of presently 
installed power. Should more power be needed, he estimates -$180K for 
installation and bus work. 

The physics disadvantages of appear tolerable. The hadron pair mass 
resolution would be degraded by 30% because of the larger beam spot. Since 
the beam has a smaller total bend, muon halo is more troublesome althouQh 
it appears that carefUl work with spoilers as done for E-326 can make it 
acceptable. 

Additional costs contained in present estimates include an on-line  
computer, PREP electronics and the hadron filter.  

The requested of running time is 1000 hours. 

VI. CONCLUSIONS 

The study of pion induced in the forward direction is an important 
first phase for the detector. This kinematic region is one of the most 
interesting, yet existing detectors. have poor capability here •. In the. proposed 
study, this experiment will be able to exploit the full potential of the P-West 
pion beam with good resolution and good acceptance. 
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Figure 4. Detection efficiency at a mass of 8 GeV and an incident energy of 
250 GeV. 

CI 
CI 

to 

. ".........  

> cuV CI \!)In\D N ..........,  

J:.N
. , 1 

.. 

CI 
I:) 

d

x 
)( 

)( 

)( 

0 )( 

I) )( 

<i..J- )( 

. 

X 
x 

X 

X 
)( 

)( 

)( 

:Ie 
)( 

:Ie 
)( 

:Ie . J( 

0 x 
II )( 

)( 

)( 

:Ie 

x 
x 

)( 

x 
)( 

)( 

.-..,. 
M 

CI c 
d 

I 

...,..-r'; 
I 

0 	 In CI CI L,) CI 	 an .c, ·0 an N· .. -: 0  

d d d d d d  
. .:f.:t3 .::1:13 

' 

0 
, 

.-
x 

Q-	 )( -
() x 

" )I( 

x 
X 

Ox 
X 

x 
x 

)( 

x 
x 

-

0 
C'.).0 .)( ..... .....

11 	 )( 

)(... .. 

00 
.. 

)( 
... 

x 
Ii x <n 

Q:II: 
I:)0 

L'1 <-+- ... OK d lI)d I 0X

X 'U 
x 
;c 

)( 

x 
00 0 .x 0 .... 

0 
0 an 0 0 Or 0 

• 
an N 0 0 	 an a.d d d ..... d 	 d 

.::J.:t3 	 .::J.:i3 



x 

'x 

, )( , 

, x . 

".: .:, ." 

Figure 5. Detection efficiency at a mass 
75 GeV. 
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Figure 6. Expected precision on the pion structure function. The dependence 
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New data on muon-pair production at 225 GeV Ie by 1(-. 7r\ and proton beams are ana-
lyzed with regard to the productIon mechanism. The observed spin alignment of the pair 
and the dependence of the cross section on beam-particle type are strong Indications that 
the production Is through electromagnetic quark-antlquark annihilation. 

The preceding Letter1 discussed the general 
features of production of high-mass J.L pairs by 
225-GeV/e beams of iT-, .1(+,. and protons on C. 
Cu, and W targets. In this article we discuss as-
pects of the data in the context of a theoretical 
framework. 

The general formalism of lepton-pair produc-

wH.ereX1,2=[:l:Xr+(xr2+4W'/S)lhV2 are the mo-
mentum fractions (Feynman x) of the annihilating 
quarks in the projectile and target hadrons, 
xj/(x) is the momentum spectrum for quarks 
(antiquarks) of flavor i (n in hadron A. xr=2PL */ 
..fS in this analYSiS, where PL * is the J.L-pair longi-
tudinal momentum in the overall center of mass. 
Thus, the observed mass and Feynman-x (x r) 
spectra for the data reflect the distributions of 
the annihilating quarks. 

This mechanism predicts striking differences 
for the lepton-pair production cross section in 
nucleon-nucleon scattering compared to pion-
nucleon scattering. In the nucleon-nucleon case 
the interacting particles contain no valence anti-
quarks and only antiquarks from the qq sea can 
contribute. Since the probability density func-
tions for the sea quarks fall steeply with x 1 and 

the observed mass spectrum should fall rapid-x 2 
ly with mass for fixed x r- Incident pions. on the 
other hand. contain a valence antiquark which 
has a significant probability of being found at 
large x l' Thus, the cross section for pion-in-
duced pairs should fall more slowly with mass 
than for incident protons. 

To permit comparison of 1(- - and proton·in-
duced cross sections at the highest possible 
mass values, we have used the proton results of 
Yah et al.4 The cross-section ratio is shown in 
Fig. 1. The If- to proton cross-section ratio 

tion by hadrons via a virtual intermediate photon 
has been discussed in the Uterature.2 An impor-
tant special case is the description in terms of 
quark-antiquark annihilation, first proposed by 
DreB and Yan and further developed by other 
authors.3 The p.-pair production cross section 
for interacting hadrons A and B, neglecting Pr 
and including three colors is 

(1) 

I rises to over 100 at a mass of 10 GeVle! in 
dramatic agreement with expectations. 

. 
.. .'..,.Consider next the comparison of the 1(+- and  

1(--induced p.-pair production cross sections. In  
this case, valence quarks and antiquarks from  

N 
d.. c.. .... 

-;::-102 
"0 
:::2: --"0 

b 
·N 

"0 

't; ;., 10 
>-

"0 
:::2: 
"0 --b  

N 
"0 

0.6  

t 
t t 

FIG. 1. The ratio of 'If- -Induced to prolon-Induced 11-
pall' cross section at Y".m. =0.2 as a function of mass, 
Proton data at 225 GeV Ie has been calculated from the 
scalIng observed In 200-, 300-. and 400-GeVIe data of 
Ref,4. 
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the interacting particles should dominate produc-
tion if Xl and x 2 are both large. In this experi-
ment, a carbon target was used so that the target 
is exactly symmetric in u- and d-quark distribu-
tions (u" = d" , dl> =u"). In the case of an incident 11-

the valence antiquark -is a u with charge - i- while 
for an incident 11 + it is a awith charge t. Since-
the pair production varies as the.square of the 
quark charge, one expects o(lT+C - It+It-• •• )/ 
o(lT-C -11 +11-•• • ) to be -!. If Xl and xa are not 
both large, sea antiquarks can contribute and the 
cross-section ratio approaches 1 as "1 and "2 ap-
proach O. Figure 2(a) shows the measured tr+/11-
cross-section ratio as a function of pair mass for 
x F > O. It is seen to be near unity for the J / i/J as 
.might be expected for strong production from 
charge-symmetric initial states. As the pair 
mass increases above 3.1 GeV /c2 the ratio is 
consistent with a fall toward t. Any deviation of 
the ratio from unity is indicative of an electro-
magnetic process and the limiting value of -! is 
predicted by the qq annihilation mechanism. 

I  

The solid line in Fig.2(a) is a calculation of  
the 11 +/IT- cross-section ratio from the pion and  
nucleon structure functions together with the con- 
tribution of the observed resonances. The deter- 
mination of the pion structure function is dis- 
cussed in the [ollowing Letter.5 Since IT + and 1i- 

structure functions are the same, the approach  

i 1.0 

'0.5 

(0)I R 

! 
I 

R 

0.0 2 

1.2 

0.6 

0.2 0.4 

! 
! 

. 

M/./S -

FIG. 2. (a) R=u(7r+C-"'+I1-X)/(1(1f-C-P+P-X) va Mil II 
at 225 GeVIe. The solid curve is descriOed in the text. 
(b) R vs MI.(S for data at 225 and 40 GeVIe cqu target) 
for continuum pairs. The curvc Is the same as shown 
In (a) but with resonance production excluded. 

to } is primarily dependent on the nucleon struc-
ture functions and in particular on the form of 
the nucleon sea-quark distributions. Using the 
measured sea-quark distributions of Kaplan et 
al.,t' we find reasonable agreement with the data 
although these sea-quark distributions have been 
determined only for X z > 0.25. 

Figure 2(b) shows the IT+/IT- ratio from this ex-
periment as a function of M/ IS, together with 
other measurements. -

Two variables, in addition to JIl, x p, and Pr are 
_required to specify the It-pair final state. Natu-

ral choices are the polar (0*) and azimuthal 
angles of one of the muons in the Il-pair rest 
frame. The annihilation of two massless spin-i 
on-shell fermions to a 1- intermediate state 
would lead 'to a 1 +cos2 0* distribution, where 8* 
is measured from the qq direction in the It-pair 
c.m.system. If the of the final-state p.-pair 
is zero, the beam and target define the qq direc-
t.ion. If Pr is nonzeror the qq direction is not 
determined. Collins and Soper7 have suggested 
using the vector which bisects the angle between' 
the beam and the reverse of the target vector as 
the best average estimate of the qq direction. 

The distribution ot the polar (helicity) angle 
has been-examined for mass regions below the 
J/I/i (2.0<M<2.7 GeV/e2), the J/I/i (2.7<M<3.5 
GeV/e?), and above the J/I/J GeV/c). The 
distributionS' are shown in Fig. 3 with their best 
fits to the form 1 cos2 0*. Results of the fits 
are given in Table I. The continuum region above 

'*co J/'/I 
<f) 

..... 
z .......--..........  
'C) 

0 I -1 I -\ . o . 

Mp.".:' 

o * COS e* Cos e Cos 9* 

o· 0-\ I -I 0 
COS e* Cos 9* 

FIG. 3. Helicity angular distributions in thl'ee differ-
ent mass intervals. The M>3.5 GeVIe! interval Is also 
shown divided in twop T Intervals. The 
angle (0"') is defined in the text:. 
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TABLE I. Helicity angular distribution fits (OF means degrees of free... 
dom). 

Data Interval Fit results  
Mass Flat 1 +cos20* 1 + AcostO*  PT 

(GeV/c2) (GeV/c) r/DF r/DF ). //DF 
'1 ; 

2.0-2.6 All '19.'1/9 25.6/9 1.14:1:0.17 25.0/8 
J/I/I AU '1.0/9 212.0/9 -0.10*0.05 4.•7/8 
>3.5 AU 44.6/9 6.6/9 1.30:1:0.23 4.7/8 
>3.5 <1.0 31.6/9 12.6/9 1.11 *0.29 12.2/8 

>1.0 36.4/9 11.2/9 1.47*0.39 , 8.8/8 

and below the J/IJ; shows strong evidence of the 
expected spin alignment. The J/IJ; data are con-
sistent with a flat angular distribution. The mass 
dependenc.e of these distributions reflects a clear 
change in the underlying production mechanism . 
for the J/IJ; compared with the continuum. Simi-
lar results for the continuum are also obtained 
using either the s-, t-, or u-channel reference 
directions for the belicity angle. 

A number of attempts have been made to ex-
plain the broad PT spectra for the J.L pair in terms 
of quantum-chromodynamic corrections to the 
Drell-Yan mechanism} The corrections are ex-
pected to be mnst significant at higher PT and 
may modify the helicity angular distribution. 
Figure 3 and Table I give the helicity angular 
distribution for transverse momenta above and 
below 1 GeV/e. Evidence for spin alignment and 
a value of ). consistent with 1.0 are seen in both 
PT intervals. 

Equation (l) implies the scaling result that 
M'lda/dM is a fUnction only of lYfl/s. It should 
be noted tfiat this is not an especially unique fea-
ture of the annihilation mechanism since such a 
result also follows from dimensional arguments 
and has been found to apply also to the production 
of some narrow resonances.9 Nevertheless, it 
is a condition which should be satisfied by the 
data. 

Figure 4(a) shows our rr-N- J.L+J.L-Xdata com-
pared with measurements at lower energies. 
This scaling prediction is not well satisfied by 
currently available rr- data. However, some cau-
tion should be exercised in interpreting this re-
sult. The mass region covered by the low-ener-
gy experiments is below the J/IJ; where nonscaling 
resonance or continuum production may contrib-
ute. In this lower-mass region both (Pr) and the 

. A dependence are observed to vary with mass, t 

while they do not for the mass region of this ex-
periment. A clear lack of scaling or an experi-
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mental discrepancy is observed in 
son with data of Ref. 13. 

As a consistency check Fig. 4(b) shows' our 
proton-induced cross sections in comparison 

-N e u 
I .... 

1032 

::;: 
1; 
"C>... ::;: 

1033 

x 22 GeV x \itt,D27GeV v Ref.1I1 
x 40GeV + elJ2l 

... x lSOGeV 0 IRtf.l31 
+ f¢ x 225GeV - ThisElp. 

• f?¢¢* '" 
··t t f 

(01 0 + t+ 
1032 1::--+---+---+---+---+----+--:1 

+I 22 GeV x IRel.1410 
'\J; 40 GeV + IReI.121 - 200 GeVO I 0I

N 300GeV6 IRel.41 (Ref.l51 
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FIG. 4. M 3 da/awrvs M2/s. the scaling form of the 
cross section for (a.) 1f·N-p+Il·X and (b) pN-p'+p·X. 
Data from Refs. 4 and 15 are converted from the mea-
sured Id3g/d1\tf dyJ,,=o to da/dJf U: >0) by using the antl-
quat'k functions reported by the authors of Ref. 6 to-
gether with valence-quat'k distributions from deep-In-
elastlc lepton scatterIng. The resulting Xv distributions' 
agree well with the observed spectrum in this experi-
ment, 
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with other measurements. They are ill good ceedings of the Eighth International SymposIum on MuI-
agreement and scaling is reasonably well satis-
fied. ' 

. The annihilation model aiso predicts scaling 
in the ratio of the 7r + - to 11--induced ji-pair pro-
duction cross sections. The data are shown in 
Fig. The ratio is ,conSistent with being a 
function of only. -

In conclusion. we have performed a number of 
new tests of the Drell-Yan annihilation mecha-
nism. The observed spin alignment of the J.L pair 
and the strong dependence of the croSS section on 
beam-particle sp9cies are in striking agreement 
with hypothesis that the production proceeds 
through an electromagnetic quark-antiquark anni-
hilation. 

This work was performed at the Fermi Nation-
al Accelerator Laboratory and supported by the 
U. S. Department of Energy and National Science  
Foundation•.  

(a)Present address: University of Rochester, Roches-
ter, N. Y. 14627. 

(b)Present address: Los Alamos Scientific Laboratory, 
Los Alamos, N. M. 87545•..' .. 
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Determination of the Pion Structure Function from Muon-Pair Production 
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Data on muon-pair production by pions are \lsed to determine the momentqm distribu-

tion for valence (,luarks in the pion. The shape of a nucleon structure functiQn is 01>- • 
Wnod and is compared with a calculation based on existing data. 

In the two preceding Letters/ we I)aye present- The general fqrm of the Drell-Yan cross sec-
ed features of high-mass muon-pair production tion2 in terms of the quark distribution functions 
and compared the data with predictions from a is given in Ref. 1. There are a number of sim-
quark-antiquark annihilation model. In this Let- plifications in its application to this experiment: 
ter, the data are used within the framework of For a pion it follows from charge conjugation and 

_	the model to obtain the momentum spectrum of iso.spin.invariance. that the quark distribution 
valence quarks in the charged pion. function is the same for both valence Fur-
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ther, if lhekinematic 'region Is ;:estricted to M 
>4 Ge":/c3 Cx'1>0.25), the contribution of sea 
quarks in the pion is expected to be negligible.3 

Then for pion-nucleon collisions the sum over 
quark UaA«lrs l'educes to two terms correspond-
ing to. the bvo valence qual.'ks in the pion. The 
Drell-Yan cross section for 1T- N interactions and 
colored qU3l.rks becomes 

2 
81Ta -'lr()

9M3(X1 +X2) X1U Xl . 

X ["Xil-H(x2) + j-Xz(JN(x2)] (1) 

or 

(2) 

where j'lt6r1) == x ilT (x1) and gN (x2) == -iX.;.tN + j-X2  
XdN(xJ. .  

SinceM2/s==X1Xi, the cross section as a func-
tion of Xl and X2 is predicted to factor into a func-
tion of Xl times a function of X2* Equation (2) is 
used to test the factorization hypothesis and to 
deduce the functions j'tr(xl) To use 

2, Eq. (2), data with 4 <M < 8.75 GeVI c and xr 
>-0.05 are binned in a rectangular grid of xl. 
and x2 • Higher-mass pairs are excluded to avoid 
possible contributions from unresolved resonanc-
es (T ,T'). Figur.e 1 shows the distribution of -
events in the XCX2 plane. The range of Xl (0.25 
<Xl < 1.0) is divided into fourteen bins and the 
range of x 2 (0.05<xa<0.28) divided into nine bins. 

o The 85 populated bins are fitted with the form of 
Eq. (2), yielding fourteen values of J TV.1) and 

.5 

.4 

-
.... 

t-'? 

.1 

0 

a .- , - ":>, .. ,,-
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FIG. 1. Distribution of events in the xex2 plane. 
Lines or constantxF (XF=Xt-Xt) andM (xlXt=-MYs) are 
also shown. 
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nine values of gN (x2)' We find a x2 of 65 for 61 
degrees of freedom indicating good agreement 
with the factorization hypothesis. 

Only the normalization of the product j'''(x1) 
is measured in this type of experiment. 

AdditionlU information is required to fiX the nor-
malization of the pion structure functiOn. The 
target-nucleon functiongN v.2), cannot be normal-
ized directly to data from deep-inelastic lepton... 
scattering experimellts because such experiments 
meas':=t< a. different 'linear combination of quark 
distribution functions. Several authors· hav.:: ex-
tracted the individual nucleon quark distribution 
functions using fits to deep-inelastic lepton-scat-
tering data with the q2 dependence expected from 
quantum chromodynamics. In addition, a nucleon 
sea-quark distribution has been determined by 
Kaplanetal.5 Over the interval 0.05 <x2 <0.28, 
we normalizegN(xz} to -tXUN(x)+-ix(J":v.}, where 
the u -valence-quark distribution is taken from 
Buras and Gaemers4 with <t = - m 2 , and the u and 
a sea-quark distributions are taken from Ref. 5. 
In Fig. 2, the normalized nucleon structure func-
tion is shown together with the expected form. 
The agreement in shape is excellent.1I For com-
parison, Fig. 2 also shows the expected function 
if both valence- and sea-quark distribUtions are 
taken from Ref. 4. If these curves were used to 
normalize f (x2) the normalization would be 20% 
smaller. A comparison of the resulting data 
points with these shapes would have a X2 confi--
dence level of 

0.00 0.15 0.30 
X2 

FIG. 2. The nucleon structure funcUongN'Cx2) "!.3X2-
N 1 -N 

Xu Cx2)+"j'X2d averaged over protons and neutrons-
in the C. CU, and W targets, Curve A Is used to nor-
malize the data points and is described in the text. 
CurVe B is from Buras and Gaemers, Ref. 4. Curve C 
is from Fox. Ref; 4. 
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The pion structure function is shown in Fig. 3. 
It has been fitted with the forms? xit"Vcl)::;:DXll/2 
X (1-X1)11 and x IU" Vc1) = a(1- xS'. The parameters 
for these and other fits discussed below are sum-
marized in Tables I and n. Theoretical predic-
tions for the exponent b are in the range 0-2.0.8 

It should be noted that the errors shown in Figs. 
2, 3, and Tables I and n reflect only statistical 
uncertainties. An overall normalization uncer-
tainty of 20% should also be applied to allow for 
A-dependence uncertainties and other systematic! 
effects.I 

I  Using the values for a and b from fit 1 in Table  
I, we obtain, including normalization uncertain- 

j ties,  
i. 
i xU'/[- (x)dx::: 0.14± 0.03,! 

I 
I 

r 1 •
0 fi1r" (x) dx;; 0.31± 0.07. 

JO.25o 

If the fit is used to extrapolate these results to 
x 1 =0, the integrals are 0.20±0.05 and 1.11±0.27, 
respectively, for 0 <x1 < 1.O. The first integralt represents the fraction of the pion momentum 

) carried by the U valence quark in the pion. Since .. 
both pion valence quarks have the same distribu-

TABLE n. Nucleon-structure-funation fits: X2 per 
degree of freedom (X2/DF) for fit to normalization 
curve of Fig. 2. 

4.0<M< 8.75. allPr 
4.0<M<6.0. allPT 
S.0<M<8.75. allPr 
4.0 < M< S.75. P T< 1.0 
4.0<M<8.75. Pr> 1.0 

5.118 
6.6/S 
0.5/6 

10.4IS 
7.5/S 

. 
tion function, the first integral indicates that 
about 40% of the pion momentum is carried by 
valence quarks. 

The second integral provides a sum-nile check 
and a test of the color hypothesis. This integral 
over 0<%1 <1 is expected to be 1 since a 11" con-
tains one U valence quaJ;'k. Ii quarks were color-
less it would be 3 since fi(x) was obtained through 
the use of Eq. (1). The value obtained is consis-
tent with 1, but is sensitive to the unobserved 
low-x behavior of ulr

- ex). 
As a consistency check, the pion and the nucle-

on structure functions obtained above can be·used 
to calculate the p.-pair cross section as a function 
of mass and Xf usit"l.g Eq. (2). Figure 4 shows t1w 
results of such a calculation compared to th.e da-
ta. The curves, calculated from the structure 
functions of Figs. 2 and 3, are in good agreement 
with the data. The inset to Fig. 4(a} shows the 
structure function applied to· the whole mass 
range M <9 GeV/c2 

• It falls below the data by a 
factor of 2 at 2 GeV/c2 and a factor of 15 at 0.6 
GeVle"'. 

We have investigated the sensitivity of our re-
sults to transverse-momentum and mass depen-
dence by performing the structure function fit in 
different kinematic regions. The results are sum-
marized in Table I. The variation of the pion 
structure function is described by the parameters 
from the fit to the form ax/'2(1-xJ". To gauge 

TABLE. I. Pion-structure-functIon fits. 

Fit a 

4.0<M<8.75. allPT 
4.0<M<6.0. allPT 
5.0<M<8.75. allPT 
4.0<M<S.75. Pr" 1.0 
4.0<M<S.75. Pr> 1.0 
4.0<M< S.75.·allPT 

a.fx1(1-;I)/J 
a.fx1(1-
a.fx1(1- X1)b 
a.fx, (1-xi)/) 
a(XI(1-xl)/) 

aU-xI)· 

0.90:.1:.0.06 
0.93:<:0.07 
0.SI*0.10 

0.52±0.03 

1.27*0.06 
1.30±0.07 
1:23J:0.11 
1.17*0.OS 
1.21:1:0.09 
1.01*0.05 
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be noted that the structure-function results de-
pAnel on the 3DDlicability of Eq. (2), ang as poted 
in the pl'eceding Letter.' exiStIng t.lat... _Q noi- in 

good agreement with the scaling prediction of the 
model. 

In conclusion, we have used data on the pion 
proauction of IJ. pairs and the colored quadt-2.i)t!-
quark annihilation model to determine the pion 
quark distribution'function for the region x>0.2S. 
The shape of 'the nucleon structure function ob-
tained is in good agreement with expectations. To 

accuracy the pion distribution function 
shows no evidence for dependence on mass or PT 
in the kinemlltic range of this experiment. The 
fraction of the pion momentum carried by its t'\\>"O 
valence quarks is comparable to the fraction of 
nucleon mQmentum carried by three valence 
quarks. 
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the sensitivity of the nucleon function to mass 
and PT effects, we give the X2 for the fit of the 
nucleon structure function to the calculated func-
tion shown in Fig. 2 (see Table n). 

In mass, the intervals 4.0<M <6.0 GeV/c2 and 
5.0<M < 8.75 Ge V / c2 were used. The mean mass 
in the lower interval is 4.7 GeV/c2 while that in 
the upper interval is 6.0 GeV/c2 

• No significant 
variation in either the pion or nucleon structure 
function was observed with mass. The fit was 
performed in two P"I' regions: P.:r< 1.0 and P.:r > 1.0 
GeV/c. The pion function is the same in both cas-
es, within statistics. The nucleon function is 
slightly flatter in the region. 

,J The effect of Fermi motion has been investigat-

j ed with a Monte Carlo calculation. II It changes 
the power of the pIon function by 0.02 and has a 
negligible effect on its normalization. It should 
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energy [Eqo (7)1. We do not discount contribu..:. . 
tions from kinks and phonons but merely assert 
their small weight for in contrast to the other 
spectral densities, as consiqered in Ref. i. 

To summarize, the present and our previous 
studyl have revealed that all three fundamental 
normal modes of the sine-Gordon equation, the 
linear phonon mode, the nonlinear kink, antikink., 
and breather modes give rise to resonances in 
the thermalized sine-Gordon chain. In particular, 
although the breather is a well-documented solu-
tiO!) to the continuous and deterministic prob-
lem,2,3.5.6it has not previously been shown that 
these coherent anharmonic phonon effects persist 
in statistical mechanics or they have the strong 
response characteristic shown here. In view of 
the lack of any method providing reliable esti-
mates of the spectral densities of such nonlinear 
systems, we hope that these results will stimu-
late theoretical work in this area. Moreover, 
our results suggest that the spectral density 
measured in the one-dimensional XY-like ferro-
magnetic CsNiF3 in a parallel field should be in-
terpreted in terms of breathers and magnons in 
contrast to current interpretation.lo 
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Quark Structure Functions of Mesons and the Drell-Yan Process' 

Edmond L. BergerCa) and stanley J... Brodsky 
Stanford Linear Accelerator Center. Stanfurtl University. Stanford. California 94305· 

(ReceIved 18 January 1979) 

For massive-lepton pair production in meson-induced reactions. we use quantum chro-
mOdynamics perturbation theory to predict that the decay angular distribution in the pair 
rest frame wlll change from predominantly 1 +00828 to sin28 as the longitudinal-momen-
tum fraction of the pair xF -+ l. The two angular distributions are associated respectIve-
ly wIth (1- X)2 and Q - 2(1_ x) 0 components of the valence-quark structure function of the 
meson. 

The Drell-Yan processl A+B-ZrX measures 
the ability of colliding hadrons to reconfigure 
their momentum into the local production of a 
massive lepton pair with. four-momentum QJl. As 
the edge of phase space is approached (i.e., T 
=(fls-l or XF=QLIQL maJ(-l),an annihilating 
quark q or antiquark q in the subprocess qq-y* 
-If is taken far off-shell, and consequently the 
far-Qff-shell, short-distance internal dynamics 
of the hadronic wave function is probed. The 
Drell-Yan process can thus be used to determine 
the structure functions of hadrons not normally 
accessible in deep-inelastic scattering and to 
measure other important aspects of the dynamics 

(e.g., spin properties) of the hadronic constitu-
ents at short distance.". . 

In this Letter, we.report an analysis of meson-
induced massive-lepton pair production, MB 
- z+Z-X, in the context of perturbative quantum 
chromodynamics (QeD). We go beyond the usual 
treatments by including explicit effects associ-
ated with the meson bound state.2 We assume 
that in the 10w-momenhIm-transfer domain¥ the 

.,meson wave tunction describes a qq bound state, 
and that at large momentum transferJ the momen-
tum dependence of the meson wave function is • 
controlled by the Bethe-Salpeter kernel-G.nd 
thus by single-gluon exchange in the asymptotic-

@ 1979 The American Physical Society 940 
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freedom limit. This idea is sketched in Fig. 1. 
The same model3 yields the standard predic-
tions3 •4 for the power behavior of meson and bary-
on form factors at large rt, and for baryon va- . 
lance structure functions, all consistent with ex-
periment. Our focus here is on the consequences 
of the QeD description of internal hadron dynam-
ics; logarithmic corrections due to QeD radia-
tive processes can be treated in the conventional 
manner. 

The most striking testable consequences of 
this QeD picture for MB-l+rX are its predic-
tions for the valence-quark structure function of 
the meson and for the polarization of the virtual 
photon y*-z+r. The structure function has both 
a scaling> [(1- X)2] and a nonscalingG [Qh 2 (1_ x)o] 
component, with specified relative magnitude. 
Each is associated with a different angular dis-
tribution in the lepton-pair rest frame. For Mq 
-z+rx, we obtain . 

da 0: (1- x)2(1 + cos?o) + (1) 

Here x is the momentum fraction (light-cone va-
riable) of the annihilating 7j from the meson, (PT2) 
is the average of the square of its transverse mo'" 
mentum, and cosf)=P,'Pff is defined in the lepton-
pair rest frame. Identification of the nonscaling 
piece in the data can be made in several differ-
ent ways: the x dependence of the cross section 
at fixed the angular (8) dependence at fixed 

and thes dependence at fixed ffls. 
The dominant contribution to 11"-N - f..L+ f..L- X at 

large ff arises from the annihilation uu-y* 
-p.+f..L-, where the antiquark u comes from the 11"-

and the u from the nucleon. We concentrate on 
the kinematic region where oilly the u is far off-
shell (i.e., xr-1). It is sufficient to treat the u 
quark as nearly free and on-shell. Thus, the in-
cident nucleon structure is not indicated in the 
lowest-order diagrams shown in Fig. 1 for w-q 
-y*q. Both diagrams in Fig. 1 are required by 
gauge invariance, although in a physical (axial) 
gauge, the scaling contributions as rt- <>n can be 
identified solely with Fig. l(a). We partition the 

(b) d 

FIG. 1. Diagrams for 1'.1<1. - qy*. 1'* - p+P-. Solid 
single lines represent quarks. Symbols PI. p", Pb. and 
Pc denote four-momenta of quarks, and k is the four-
roomenblm of the gluon. 

incident meson momentum P equally between the 
constituent q and q; this simplifying .. 
tion can be discarded as- it does not affect our 
conclusions. 

The kinematics of the annihilating antiquark 
are specified with light-cone variables x.. (P..° 
+p'/)/(po+p3), andk Ta• Settingp12:::::m2 , where 
m denotes the bare quark mass, we use energy 
and momentum conservation to derive 

P 2 .. KX"2+Xam2 - x a{1- x a>m,,.2 (2)
a -- 1-x.. • 

As Xa-1, Pal! becomes large and far spacelike!' 
The squared four-momentum carried by the gluon 
in Fig. 1, 

2 2k2 =(PI =l(Pa2 + m ) - hn tr , 

also becomes large as xa -1. Therefore, invok-
ing arguments based on asymptotic freedom, we 
suppose that in the range of xa of interest to us, 
the single-gluon-exchange approximation shown 
in Fig. 1 will yield a good of the 
asymptotic large-momentum behavior of the 
Bethe-Salpeter kernel for the q7j bound state.7 

The invariant amplitude corresponding to Fig. 
1 is 

(3) 

where E Atl >J'. A = (!p+ m)ysspecifies that the Uf. bound state is a pseudoscalar.8 The factor 1fJ1I(f = 0) in 
Eq. (3) represents an integration over the soft momenta in the pion wave function. We remark that 
our expression for the amplitude is preCisely correct in the limit of zero binding energy for the mes-
on. Note also that in our calculation the quark transverse momentum KT enters explicitly; Ris not an 
arbitrarily assigned "intrinsic" or "primordial" KT associated with the qq binding in the wave function. 
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For simplicity in what follows, we set m 2 =0 and m / = 0, and we restrict our attention to KT02 «Q'I•. 
Using the amplitude in Eq. (3), we compute an explicit expression for the cross section for rr-N-Ii/lX.. 
After integration over the azimuthal angle in the pair rest frame, we obtain 

ex:: f cfkTO dx4 cfkT "dX"G'llx(x",'flf.:,,) sinte] 

X6(2){Qr - KT4-KT lI)6(xr. -x4 - x,,)6(<1 -x"x"s). (4) 

Here G,,/N is the quark structure function of the 
nucleon. We have discarded contributions which 
are Of order Q- 2k T 2 (1-x4 ) and Q- 4k T 

4 (1-xa>-1 in 
the square brackets of Eq. (4).9 The contribu.., 
tions from. sea quarks and antiquarks in the mes-
on and nucleon are also ignored in Eq. (4). 

In the Bjorken scaling limit, <1- 00, at fixed xiU 

the valence-quark structure function can be ex-
tracted from Eq. (4): 

Gjj/f(x)=j (5) 

The corresponding KT falloH produces pairs with 
a QT-" distribution2 (for k 7'42« (f). 

We observe the following additional features of 
Eq. (4): (i) We can identify a nonscaling contri-
bution to the structure function. After averaging 
over cos9, we obtain .(:>. NC' 

. 	

	 • (6) 

The nonscaling contributlon is. independent of x 
and will dominate the scaling contribution at fixed 
Q2(l-x) as <1- 00• In our model the relative mag-
nitude of the scaling and nonscaUng terms is 
fixed.9 When the nonscaling term dominates in 
Eq. (4), the mean (kTc2) is of order (j/ln<1. 
(il) The nonscaling contribution corresponds to a 
longitudinal structure function and provides a 
sinll8 angUlar distribution in the lepton-pair rest 
frame, in contrast to the conventional expectation 
of 1 + cos28. At fixed (j, the sffi28 term dominates 
in the cross section as xF-l. The Usual rule 
that annihilating spin-! quarks produce trans-
versely polarized photons is modified when off-
shell constituents are In our case, the 
q is kinematically far off shell since, as xF- 1, 
all of the momentum of the recoil spectator quark 
must be transferred to the annihilation subproc-
ess. In this situation the spin of the incident mes-
on influences the final angular distribution. In a 
different language, the bound-state effect can be 
identified with a "high-twist" subprocess, since . 
more than the minimum number of elementary 
fields is required. 

In the range 4.0 .:s; M ::: «(f)1I2 .:s; 8.5 Ge V, an ef-
fective pion structure function has been extracted 
by Newman et al.10 from their data on .".-N-p'+p.-X 
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I	at 225 GeV/c. report that xG.. expt(.x)<:>I0.5(1 
- X)I.01 *0.05 for x:> 0.3. For similar values of QI, 
our structure function in Eq. (6) can mimic the Qb-
served (1_X)1 behavior if we choose <k T

1)CII!l 
GeV'. This value 'of <hi) is consistent with meas-· 
ured10 values of <QT2) = <<Kr4+KT/»2). We remark 
parenthetically that the parameter (kl> in our 
formulas is a function of <1 and " and effectivelY 
includes the mass terms which were dropped 
when we set m 2 and mll'= =0. ShOwn in Fig. 2(a) 
is a comparison of 'our structure function, Eq•. 
(6), for different values of (f J with the form 
Gf( deduced from the data, assuming Q'I in-
dependence. We urge that the analysis of the da-
ta be repeated with Eq. (6). _ 

- Iii Fig. '2-<6) we present'ourprediction for the 
polarization parameter a in the expression dCT/ 
dcos9=l+ acosll8. In our model, a= (1-r)/(1 
+r), with 

(7) 

0.6 

..02 

-0.2 

-0..6 

0.4 0.8 
xf 

FIG: 2. (a) The quantity xq". ex) as a fupction of x for 
two vnlues of Q 'l near the top and bottom of the range 
explored experimentally. Here we set 
with Glil". provided In Eq. (6), and (kr 2) =1 GeV2• The 
factor 2 is. chosen to reproduce apprOximately the nor.-
malizatIon of the experimentally deduced effective 
xq".ex) near .'f=O.5. For comparison, we plot as a 
dashed curve the experimental form (Ref. 10) 0.5(1 

1'he applicable 
onI]" for x> 0.5. (b) Predicted value of a as Ii function 
of XF for dJfferent values of M {= (Q2)1/2) at Plab"'225 
GeV/c, with {ki> "'1 GeV2• 

'"..', 
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Our predictions are presented as a function xF 

= (xc - T/xc)/(1- T). The angle (J is referred to 
the I-channel (or GotUried-Jackson) system of 
axes: cos8=Pp·P'/f. Observed values of a are re-
portedlO only f9r data averaged over all xF, and, 
as we expect in th1s case, a"'" 1 for 4 <M <8.5 
GeV. 

The experimental observation of an effective 
(1_l.·)1 behavior of the quark structure function 
of the pion is incompatible with general crossing 
arguments for Born diagrams which mandate only 
even powers of 1-x as x-1 when a fermion is 
extracted from a meson.l1 Tho linear behavior 
(1-x) would be expected,' or spinless quarks. On 
the other hanet, the nature of the constitu-· 
ents seems well established by the observation 
in the same experiment of a decay angular dis-
tribution of 1 + acos2 (J with Our analysis 
provides a resolution of this apparent paradox. 
We suggest that the observed (l_X)l behavior is 
an approximation to our Eq. (6), in which only 
even powers of I-x appear. The critical test of 
this assertion is the identification of the predict-
ed sin28 behavior of the decay angular distrib1.1-
tion at large x F' 

Observation of our predicted sin28 non,scaling 
term in the data would reinforce the applicability 
of the Drell-Yan model with quarks and 
verify that structure functions can be understood 
in some detail in a QeD framework. Failure 
would mean that there is rio fundamental explana-
tion for the observed power behavior of structure 
functions. The nonscaling and angular -dependent 
effects we derive are in addition to, but much 
stronger than, 'analogous effects provided by QeD 
gluonic radiative corrections; in particular, our 
prediction for the angular distribution applies at 
smallQr, where gluonic radiative corrections 
do not upset the conventional 1 +cos'2f1 expecta-
tion.12 The form we derive for the structure 
function in Eq. (6) should apply universally; for 
example, an analogous structure fUnction should 
also be observed in meson-induced large-Pr had-
ronic processes.13 

.In baryon- (or antibaryon-) induced 
BB-Z1X, the 1 + cos2f} behavior characteristic of 

sations. 
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Supplement to P-6l5  
. I. INTRODUCTION  

This supplement is intended to provide details about the experiment 

beyond those given in the original Among the items discussed in 

more detail are acceptances, resolution, counting rates, specific physics 

goals and how the experiment might be implemented. 

I I • APPARATUS 

The schematic of the detector is reproduced from the original proposal 

in Fig. 1. For performance calculations we have taken the mass selection 

magnet to be 8.5 m long, 0.76 m (30 in.) wide, and with a final gap height of 

0.76 m. The field is taken as uniform with a maximum value of 15.7 kG. As 

mentioned in the proposal, this system could be based on 4 ANL beam line 

dipoles with the gaps opened and additional excitation. The cost of this 

and other alternatives are being estimated by the Meson Department and should 

be available by the March PAC meeting. For purpose of comparison we note that 

this magnet system has less than one-half the field volume of the M2 magnet 

requested in P-60S. 

The analyzing magnet shown in Fig. 1 is similar to the magnet designed 

for E-516 (Nash). It has a PT kick of O.S GeV/c and an aperture of 2 m x 1 m. 

The field volume of this magnet is less than one-tenth the volume of the P-60S 

analyzing magnet. 

(a) Acceptance 

The acceptance of the system has been studied as a function of several 

parameters. 
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The acceptance is most directly controlled by changing the aperture of 

the downstream slit and the field in the mass selecting dipole. Figure 2 shows 

the absolute acceptance as a function of slit width at a mass of 1.86 and 4.0 GeV 

for a series of field settings. The field is characterized by a constant, S, 

which is the PT kick of the mass selector compared to twice the maximum PT 
available from the particle decay. Thus for S=l, decays which are exactly 

transverse to the beam and in the bend plane are brought to a focus at the 

slit. The acceptance calculation assumes a t-distribution for the forward 

going particle of dN/dt-e-3•5It ' I as suggested by Field and Quigg for associated 

charmed meson, charmed baryon production. 

It is seen from Fig. 2 that the acceptance grows linearly with slit width. 

As discussed below, the single arm fluxes rise faster than linear as the slit 

width is opened and these rates impose the upper limit on the opening. 

It is also relevant to consider the shape of the mass acceptance for 

various slit openings and a fixed magnetic field. This is given in Fig. 3. 

In considering these shapes it should be recalled that the mass resolution 

1s -8 fie V / c2 • 

For the calculations discussed below we adopt a slit width of 20 cm. and 

a field setting of S=0.90. 

Massive forward going particles may be produced with a fairly broad 

t-distribution. Figure 4 shows the acceptance as a function of It'l = It-tminl. 

For comparison, a t-distribution of e-3•5It ' I is plotted. The acceptance in t 

is good, falling a factor of four over the same interval in which the trial 

distribution falls a factor of 10. 

Figure 5 shows the acceptance at different mass settings for fixed slit width 

and S-va1ue. It should be possible to open the slit at the higher mass settings 

since the single particle backgrounds are smaller at these PT values. 
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(b) Mass Resolution 

For the resolution calculation we assume that the PWC system indicated 

in Fig. 1 provides 2 X and 2 Y measurements at each of the two detector 

stations upstream of the analyzing magnet. At the two downstream stations 1 X 

and 1 Y measurement is used. The wire spacing is taken to be 1.6 mm, similar 

to other PWC' s bui 1t at the Enri co Fermi Insti tute •. A target of 0.2 absorpti on 

lengths of beryllium (7.4 cm.) is used. 

With this system we obtain a resolution which is limited by the incident 

beam size and multiple scattering in the target. With a beam size of 

ax =0.75 mm. (see Cary report) and no multiple scattering, the resolution is 

am =2 MeV at M= 1.86 GeV (O.l%). With the same beam size and multiple 

scattering am = 8 MeV (0.4%). With a beam of ax = 1 cm. and multiple scattering 

the mass resolution is am = 16 MeV (0.9%). No contribution is included for 

uncertainty in the field integrals but fortunately the track trajectories in 

this experiment are contained in only a small fraction of the phase space 

volume which could be transported by the magnets. 

The mass resolution is plotted as a function of mass in Fig. 6 with the 

small beam size and multiple scattering included. 
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III. COUNTING RATES 

An item not discussed in the original proposal is the single arm 

counting rate to be expected at 2 x 109 interacting pions/pulse. Figure 7 

shows the expected single arm rate as a function of slit'width if the mass· 

acceptance is centered at 1.86 GeV. To calculate these rates, measured 

single particle inclusive cross sections are parametrized in the app,ropriate 

region of xF and PT and used as input to a Monte Carlo simulation of the mass 

selector. A single arm flux of 4x 106/2 x 109 interacting pions is obtained 

with a slit width of 20 cm. 

It should be noted that a Simple arm-to-arm coincidence is not used since 

most random two particle combinations lie outside the kinematic regions of 

interest (xp M, PT of the pair). Instead, fast matriclogic together with 

hardware processors will be used to select pairs of interest. This technique 

has already been exploited by this group in its p-pair studies (£-444). 

If the field in the mass selecting dipole is raised to center the acceptance 

at a 4 GeV mass, the single arm fluxes fall by over two orders of magnitude. 
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IV. 	 IMPLEMENTATION 

. The cost estimates gi ven in this secti on are current best estimates 

developed in consultation with the Meson Department. More accurate figures 

may appear by the time of the PAC meeting. 

(a) Mass Selection Dipole 

As described above one way to construct this magnet system is to base it 

on four ANL beam line dipoles with the gaps of three, opened and additional 

coils added. The cost of copper coils for this option has been estimated 

by the Meson Department at $300K. The additional machined steel costs $12K 

($250/ton)so that, with labor included, the new cost for this magnet system 

is put at $325K. The question ot' power is discussed below but the conclusion 

is that with the beam operating at 50 GeV and focused to an upstream enclosure, 

there are sufficient power supplies and electrical energy from the present 

configuration of the M1 line. 

Naturally we would be happy to consider other alternatives for constructing 

this magnet but they should be competitive with the cost and time scale of 

this solution. 

(b) Analyzing Magnet 

A magnet similar to the one required has been designed for E-516 (Nash)  

in the Tagged-Photon lab. This magnet has an aperture of 72 in. x32 in.  

(1.82 m x 0.81 m) and a PT kick of 0.46 GeV/c. The area of the aperture is 

-75% of that used for the efficiency calculations above, and the PT kick is 

over 90% of that used. The proposed experiment could certainly be tailored 

to use a magnet of these dimensions. 

The cost of this magnet is -$200K and the power requirement is 475 kw. 
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(c) location 

A solution which would permit the experiment to coexist with P-60S would 

be to build an upstream experimental enclosure, similar to that considered 

for P-586 (McCarthy). A beam can be constructed from existing Ml components 

which would produce high flux pions to this upstream enclosure and with minor 

modifications deliver 400 GeV protons to the Meson Detector Building for 

Phase I of P-60S. 

The idea is to concentrate most of the quadrupoles in the upstream section 

and relatively few in the downstream section where only primary protons are 

to be transported. Since the beam is to be operated at 50 GeV for the 

extra electrical power would be used for the mass selecting dipoles. 

An example of a possible beam configuration is the first half of the beam 

described in the Cary report. The exact design must be tailored to the existing 

tunnels. 

VI • PHYS ICS GOALS . 
The primary goal of this experiment is to scan the two particle mass 

spectrum from 1.S to 5 GeV. Special emphasis will be given to masses close 

to 1.86 GeV (charmed meson production) and to pp masses in the range 2.8 to 

3.1 GeV where the nc may be expected. 



Fi gure Capti ons 

Fig. 1. A schematic drawing of the apparatus. 

Fig. 2. Acceptance at mass settings of 1.86 and 4.0 GeV for slit 

widths and field settings. The constant S is the PT kick of the 

magnet compared to that requi red for perfect focussing of an 

exactly transverse decay in the bend plane. 

Fig. 3. Shape of the mass acceptance as a function of slit width for a 

given field setting. All curves have been normalized to the same 

peak amplitude. The relative normalizations can be obtained from 

Fi g. 2. 

Fig. 4. Acceptan:e as a function of Itll of the forward going particle. 

For comparison a possible tl distribution for production is also 

shown. A slit width of 20 cm. and an S-value of 0.9 has been 

used for these calculations. 

Fig. 5. Acceptance for various mass settings at a fixed slit width of 

20 cm. and a field setting of S=0.9. 

Fig. 6. Mass resolution as a function of mass. A beam size of ax 
and a 0.2 absorption length beryllium target are assumed. 

= 0.75 mm 

Fig. 7. Single arm counting rate as a function of slit width for 2xl09 

interacting pions per second of spill. 
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Abstract 

The impact of Proposal 615 upon the Meson Area is considered. 

Two possibilities for siting along the Ml line are mentioned and 

arguments are given favoring the construction of a new experimen-

tal area at z~lOOO'. Changes to the Ml beam line to achieve 1010 

pions in a small spot at the P615 target are listed. The new 

costs involved subsequent to approval of the experiment would 
+300,000 amount to $1,300,000 (_100 , 000 ) - based on very crude estimates. 

The implementation and scheduling of P615 are discussed. 
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Introduction 

Proposal 615 describes a search for, and study of, the 

hadronic production of new states in a mass range 1-4 GeV/c 2 , with 

an incident beam of 50 GeV/c pions. The two-body decay modes 

are detected and the decaying particle is at high Feynman x. 

High selectivity against background is achieved by use of a 

mass-focussing system utilizing magnets with fBdL = 4 GeV/c pt 

and a mass collimator at the downstream end of the magnetic 

field. A high intensity, ~10 10 , pion beam having a small ~1 mm 

spot focus is required. Use of the new Ml pion beam3 envisaged 

for the Meson Lab - after implementation of the split of the 

external proton beam into three separate channeis - is presumed 

for P615. 

The optical design for the new Ml pion beam allows us to con-

sider two possibilities for the location of P615. The first 

such choice would be to construct a new, small experimental area 

at a z 1000 feet along the Ml tunnel system. Early in the 

studies of the new Ml beam such an area was considered for 

housing an experiment at the end of a 960-foot long beam which. 

transported pions produced in a target at z = 0 in the Meson 

Laboratory common target box. Since that early time, the tar-

getting for the new beam has been moved to z ~470 feet and a con-

struction project.has begun for a target building between z = 
455' and z = 650'. Resurrection of the idea of an experimental 
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area located at z = 1000' began when the question of P605 and 

P615 sharing the new beam was studied. 

A second possibility is to have P615 located at the end of 

the new beam at z ~1450'. This is also the location planned 

for P605. 

Mass Focusing Magnets 

A system of magnets with fBdl = 4 GeV/c (pt) is required 

to focus the two-body decay mode of a 4 GeV/c state produced at 

high x. 4 A system employing the steel from tour ANL-type magnets 

is suggested in the proposal. The parameters are shown in Table 

1. The vertical aperture required is 30 inches at the end of 

the mass focusing system. New coils would be needed to excite 

at least three of these magnets to the required fields, since 

the vertical apertures have been enlarged above the standard 

values. A preliminary estimate of $180,000 as the cost of new 

coils made of copper has been made by J. Stoffel. Together with 

this cost goes an estimate of $40,000 for the steel necessary 
5 to enlarge the gap of these magnets (40 tons). This study also 

indicated that six 500-5 power supplies (500 kW Transrex supplies) 

were needed to provide the necessary excitation. A water flow 

of 450 gpm at a pressure drop of 200 psi was computed. Power 

consumed was 2300 kilowatts. 
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Background Collimators 

Since the particles of interest are focused onto a small 

vertical slit at the end of the mass-focusing magnet system, 

there is room inside the magnetic apertures to install back-

ground collimators. It would be most convenient if these were 

movable inside the magnets to study how close they may come to 

the desired acceptance, but it may suffice to have fixed colli-

mators and have each of the four magnets capable of translating 

sideways to allow access to change the size or position of the 

collimator inside the magnet. In either case the introduction 

of collimators inside the magnetic aperture means that the 

magnets involved must be removable - to allow either adjustment 

or repair work on the collimators to take place. This system 

of collimators and magnet translation has not been studied in 

detail. 

Spectrometer Magnet 

The magnet with the sizes 32" gap, 72" width, and 40" 

length designed for E516 is taken as a model for the spectrometer 

magnet required by P615. Its cost was ~$160,000. Its power 

consumption is 476 kilowatts and it requires a water flow of 74 

gpm at a pressure drop 0£ 200 psi. 

Exper•imehta·1 Targ·et,· Neutral Dump·,· Mas·s Slit 

A 20% interaction rate experimental target for 1010 50 GeV/c 
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pions is required. No special cooling is anticipated as 

necessary. A neutral dump, made of hevimet, is needed halfway 

through the mass-focusing magnets. The non-interacting beam 

particles are taken cleanly through the mass-focusing magnets 

and they travel to a separate dump after being brought through 

the downstream apparatus by a Ml septum magnet located behind 

the mass-focusing magnets. 

The mass slit is a vertical slit at the exit of the mass-

focusing magnet system. The make-up of this slit must change -

on one side - whenever the magnet excitation is changed to go 

to a new mass region ( ~once every two weeks), because a clear 

path for the unused beam must be provided and the unused beam 

is deflected. The mass slit is not designed, but is probably 

tungsten ("hevimet"). 

Siting 

Siting of P615 in the Detector Building is complicated by 

the presumed siting of P605 in the same place. We have realized 

that the P605 M2 magnet2 ("Mite")has adequate aperture and fBdL 

to serve as the magnetic field of the mass-selecting system . 

. There are some difficulties, however. The P605 spectrometer 

magnet will be located too far downstream to serve as the P615 

spectrometer magnet and, in fact, would be in the way. The 

P605 target and beam dump in the P605 "Tiny" magnet2 would have 
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to be removed to allow targetting for P615 in "Mite''. P615 

would need background collimators and the neutral dump installed 

in 11Miten. The shielding for P615 and P605 would be 

different. The detector locations for P605 and P615 do not 

appear to be compatible - unless the proponents of P615 were 

willing to make major changes to their experimental layout. 

Based upon our discussions with the two groups, any sharing 

of a facility by both experiments would have to be forced by 

Fermilab and would still imply major changes during a changeover 

from one experiment to the other (e.g., beam dump location, tar-

get point, collimators introduced into "Mite" for P615 and 

much rigging of shielding). Given first crack at "Mite" and 

the Detector Building location, P615 could probably .be done 

there; however, the P615 follow-on and P605 would probably still 

be.incompatible. The pion beam would have less acceptance than 

the short version - a factor of roughly three. 

The second concept for P615 siting is an experimental area 

under the berm at z ~1000'. A preliminary concept is shown in 
• 9 

Figure 1, together with the experimental layout. The area would 

be ~90' long and ~18' wide. Just around the P615 spectrometer 

magnet it would be ~20' wide. A small crane (~10 ton) would 

provide handling capabilities once the magnets and dump were in 

place. The access at 1000' would have to be modified (widened 

and floor lowered) to allow the magnets to enter the area. The 
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floor level in the area would be lower than the connecting 

tunnels (by ~1.s to 2.5') to allow the magnet center elevations 

to match the beam line. Tracks (or other means) of moving each 

magnet in the mass-focusing system sideways would be installed, 

as discussed earlier. For the remainder of the report we con-

sider only the z ~1000' siting. 

Beam and Pion Production Area 

The production of 1010 , 50 GeV/c pions necessitates com-

pletion and equipment of the targetting building being constructed 

between z = 455' and z = 650' along the Ml line. A three-way 

split capability would be needed to separate the Ml beam from 

the shared use of a target with the M2/M3/M4 beams. Proper trans-

port of the proton beam between the splitting elements and z ~470' 

would be needed. This might involve the installation of two 

Energy Doubler magnets. 

The dump provided for the external proton beam should be 

designed with both the 50 GeV/c pion beam and a high energy pion 

b 3 . . d earn in min. Preliminary concepts for the dump have been 

developed in order to allow us to proceed with construction 

between 455' and 650'. We plan a 20' main ring B2 bend magnet 

just after the target - followed by a ~20' long beam dump. 

We have done some design work for a short (~560') and long 

(~990') version of the 50 GeV pion beam with the dump region 
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parameters as.a constraint. In both versions the quadrupole 

periodic structure is such that 

( -10 _01)n matrix has the value 

the 2 x 2 ray transformation 

in both the x and y planes 

simultaneously (with n =l, 2, and 3) at regular intervals along 

the beam, and has n = 4 at the final focus. Such a structure, 

combined with periodic bend magnets located according to a 

definite symmetry pattern and combined with judicious location 

of sextupoles, achieves large acceptance both in solid angle and 

in momentum bandwidth and has a chromatically-corrected final 

focus of small diameter (~lmm}. For the short beam 6Qlp/p ~soµs-% 

should be achievable. The long beam would have less acceptance 

by about a factor of three, because the same number of quadru-

poles is used and they are separated by greater distances. 

Both versions use 16 quadrupoles. The long beam will need 

8 sextupoles; the short beam may need as little as 10 or as 

many as 14. The number of bends is six in the short beam and 

eight in the long version. The present beam has eight main 

ring B2 magnets which can be rearranged to suit either version 

of the new beam. The present beam will have 15-10 1 and 2-5r 

3Ql20 EPB-design quadrupoles in the area upstream of the Detector 

Building and >2 downstream of the Detector Building. Therefore, 

enough quadrupoles exist to make either 50 GeV version. The 

sextupole shortfall ranges from 5 to 9, since five of the M6 

design already exist. 
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For compatibility with P605 the bend magnets installed for 

the 50 GeV tune must be capable of excitation to levels corres-

ponding to 400 GeV/c, so that 400 GeV protons may be taken to 

the Detector Building. To do so, we reconnect the power supplies 

so as to add more to the beam strings and re-tap their trans-

formers to 5000 A. At P615 the path for the beam must be cleared 

by moving sideways the magnets containing the neutral dump and 

the mass slit. In the case of the short beam several quadru-

pbles would have to move to, or exist, downstream of P615 to 

focus properly onto the P605 target. The pion beam target at 

470' would be removed also. 

Several spoilers and a special bend may be necessary to deal 

with the muon halo accompanying the beam particles. These needs 

have not been investigated. 

Shielding and Pion Beam Dump 

For the z ~1000' location the earth berm would provide most 

of the shielding. About 10' of space at the North end of the 

building has been reserved for the purpose of dumping the beam. 

The nature of this dump is not yet exactly known, since the 

position of the pion beam at that point changes with magnet exci-

tation and since the possible activation of ground water in the 

berm north of the new building must be considered. The effect 
8 of the ~10 beam~energy muons accompanying the pions on the use 

of the downstream Detector Building must be studied. A very 
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quick calculation indicates that ~3, of magnetized steel serving 

as a dump would take care of both the hadrons and the muons. 

Housing 

The experimental area at z ~1000• has been discussed in the 

section entitled "siting". Associated with the mass-focusing 

magnets would be six 500-5 Transrex power supplies. A septum 

magnet may be needed to take the pion beam clearly through the 

spectrometer magnet and this may imply an additional 500-5 

Transrex supply. One 500-5 Transrex power supply will be needed 
7 to excite the spectrometer magnet. Thus,· the total is either seven 

or eight 500-5 Transrex power supplies. 

The design for the short pion beam involves two, separate 

bend magnet strings. These two strings would need two 500-5 

Transrex power supplies. 

Nine 500-5 Transrex·power supplies are currently committed 

to the Ml beam line elements. Two of the nine would go to power-

ing the 50 GeV line bends and the other seven could be used for 

the experiment. The shift from the existing arrangement could 

be accomplished without completely re-busing by utilizing 

existing bus runs to a large extent. In principle the same sort 

of shift could be done with the LCW cooling, but in practice 
8 this has to be studied further. 
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The experimental Porta-Kamps would be placed next to the 

road near the 1000' access. The whole question of access to 

the new area with Ml off and the rest of the area running has 
6 not been carefully evaluated. Due to the proximity of the 

area to the M2 beam the amount of shielding protection against 

radiation from one pulse of M2 striking a magnet has to be 

studied. 

Discussion of Costs 

Cost estimates are presented in a cost work list in Table 

2. The siting choice illustrated is for P615 at z ~1000'. The 

estimated total of new costs is ~1300 K$. The error in this 

total can be of order 300 K$, since many of the estimates are 

educated guesses and are not based on detailed cost analyses. 

It does serve as a reminder list of expenses. 

The two Porta-Kamps are listed as old costs as a reminder 

that no count of Porta-Kamps vs experimental needs has been 

made and they may end us as new costs. Other old costs exist, 

but have not been listed. The cost for the targetting build-

ing reminds us that, as contracted, it will not be a finished 

building. The cost for nine sextupoles could reduce to a 

cost for five sextupoles - with further beam design work. 
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Implementation and Schedule 

Further design work is needed for the 50 GeV pion beam, the 

mass-focusing magnets, and the 400 GeV proton beam dump at z 470' 

Implementation of the three-way split is needed. Design work is 

necessary for the collimators and dump inside the mass-focusing 

magnets. Plans are needed for an experimental area at z = 1000' 

(if that is the choice) and for the supply of power and LCW to 

the new area. New sextupoles must be procured. BM-111 magnets 

must be borrowed from Argonne National Laboratory. New or addi-

tional coils for the mass-focusing system must be designed and 

procured. A near-duplicate of the Experiment 516 spectrometer 

magnet must be built - presuming that it is the magnet of choice. 

The Ml beam line must be completely rearranged - once it is 

finished with the current set of experiments in 1980. To hit the 

target at ~470 1 two doubler magnets may be installed and attached 

to a satellite refrigerator serving the front end region of the 

Meson Area. The need for muon spoilers and other special elements 

in the beam line has to be determined. 

Presuming approval in March, 1979, and sufficient Fermilab 

resources devoted to P615, it is conceivable that the experiment 

could start installing equipment once the presently approved Ml 

program is run out. Given the right circumstances regarding 

available manpower, no long-lead time design work is foreseen to 

over-rule the view that such a schedule is achievable. 
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Summary 

The impact of P615 - assuming siting at a new experimental 

area under the berm at z 1000 1 in the Meson Area - consists 

mainly of four large items. They are the construction of the 

new experimental area, the need for a pion beam target and beam 

dump in a completed building at z ~470', the system for mass-

selection in the experiment, and the experiment's spectrometer 

magnet. A large cost is also involved in rearranging existing 

elements to form the 50 GeV pion beam and in providing it with 

a sufficient number of sextupoles. The siting in the Detector 

Building has been considered and seems practical only if P605 is 

delayed (or not approved). Scheduling P615 at the end of 

present~y approved experiments seems possible - given sufficient 

Fermilab resources. 
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NOTES 

1. With power consumption this high, one is led to think in 

terms of superconducting coils for these magnets. Such 

a study has not been made. The cost would undoubtedly be 

higher than for conventional coils and it would lead to 

questions of the general utility of such magnets vs their 

length of service in this one setup. 

2. The P605 proposal shows their three magnets labelled as 

"Ml", "M2", and "M3". To avoid confusion with the beam 

lines of the same names, we here adopt the tentative names 

of "Tiny", "Mite", and "Jaws" for "Ml", "M2", and "M3, 

respectively. 

3. W. F. Baker, et al, "A High Flux Pion Beam", Meson Depart-

ment Report, February, 1978. 

4. The magnets suggested are 2 BM-111 magnets, one BM-109, 

and another which turns out to be a C-magnet. Fermilab 

has BM-109-type magnets which could be utilized. The BM-111 

magnets are needed for their 30-inch wide horizontal aperture 

and would have to come from ANL. A BM-109 from Fermilab 

would be substituted for the C magnet. 
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We invested some time in searching for more suitable 

magnets for use in the mass-focusing system at FNAL and 

elsewhere, but did not discover any obvious candidates. 

A more exhaustive search remains to be made~ 

5. The study was very crudely done and did not consider re-

using the existing 16" high coils for the BM-109 magnet 

that is opened to a gap of 30". For Experiment 87 a 

FNAL BM-109 was opened from 8 11 to 18" and the extra coils 

to excite it cost $40,000. 

The study presumed ~4600 amperes and this corresponds to 

~soo volts. The existing BM-109 coils are sized for ~2500 A 

and the lower current would reduce r 2R losses in the bus 

significantly. These losses have not been calculated. 

6. During the second run of Experiment 104 in the Ml line 

the Ml tunnel at the 1000' crossover was hot enough to be 

fenced-off during the Experiment 439 running with levels 
11 in the 2 x 10 range in the M2 line. This was true even 

with shielding placed in the 1000' crossover. With the 

larger apertures planned for the M2 beam magnets in the 

1000' area this problem may go away. 
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7. Once again, voltage drop along the bus runs has not been 

considered. The excitation current is 2450 A. 

8. According to a memo by R. Worland, dated September 13, 

1978, the pre-Mesopause situation with the water flows in 

the three systems was: 

MS2 
MS3 
Detector Building 

Water Supply (gpm) 
- rating 

Excess Flow 
Available (gpm) 

13 
241 

-174* 

*Subject to marked change - as experiments change 
+higher for a different selection of which pump is the 
spare. A new LCW system is being provided for the Ml 
service building and this should remove the targetting 
magnets from the MS2 system. 

9. Since making this drawing, we have thought further about 

the reduction of earth shielding between Ml and M2. From 

that standpoint it would make more sense to create the 

extra space for magnet extraction on the East side instead 

of the West side. This would also reduce the length of 

widened access to the new area. 
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TABLE 1 

Parameters for Mass-Focusing Magnets 

Name Gap Width Length Bend 
inches inches inches GeV7c (kilogauss) 

C-magnet 6 20 43 0.80 (25. 4) 
BMlll 15 30 72 1.2 {21.6) 
BMlll 22.5 30 72 1.2 (21.6) 
BM109 30 24 72 0.8 (14. 4) 
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TABLE 2 

Cost Work List - P615 

Experimental Area (EA) at 1000' 
10-ton crane for EA 
New Radiation Safety System for 1000' 

Two Experimental Porta-Kamps 
Rigging & Siting of two Porta-Kamps 

Mass-Focusing System 
New Coils 
Mass Slit 
Side Collimators 
Magnet Tracks & Trolleys 
Neutral Dump 
Steel Spacers 

Spectrometer Magnet 

Provision for EA Magnet Excitation 
(rebusing) 
EA Alignment Costs 

Pion Beam Dump in EA (assume muon deflection) 
Provide LCW Capacity to EA 

Rigging Costs - EA (320 tons) 

Nine Sextupoles (M6-type) & Installation Costs 

Rearrange Ml Elements & Power Connections 
(muon spoilers for beam) 

Targetting Building, Crane & Dump 

New costs 

Old Costs 

$ 300 K 
20 K 
10 K 

(25 K) 
10 K 

180 K 
15 K 
20 K 
10 K 
20 K 
40 K 

160 K 

10 K 

4 K 

10 K 
20 K 

25 K 

80 K 

60 K 

20 K 

300 K 

$1314 K 

($25 K) 
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