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ABSTRACT

Kasults ara presented from an exveriment with a large
acceptance spectrometer that measured the production cross
section of high m®mass muon pairs from the collision of 225
32V/c hairon beams with a nuclear target, ircluding, for the
first time, measurements using positive and negative pion
heanms, Various features of the data, such as the helicity
angle of tha muon pairs and the ratio of the cross sections
for nvnositive and negative pions provide conclusive evidence
for th2 gquark-antiquark aanihilation nodel for the
production of muon pairs. This model 1is then used to
determine the momentum distribution for‘ valence gquarks in
tha pion. our best fit to the distribution,

-1/2 (1.28 2 ,15)

a(x) = (.73 + ,11) x f1-x1 s Shows that +the

pion's struc*tur2 1is <clearly different from the proton's

structure,
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In recent vears, many different types of exrperiments
have heen undertaken to probe the structure of hadrons. The
first indicatisns of a non-point like structure for hadrons
came with the elestron=-proton elastic scattering exreriments
of Hofstadter and his collaborators1 in 1961, at Staaford,
which showed that the proton wvas not a siample poiht
particle, Later, the deep-inelastic electrcn-proton
experiment32 in 1968, at SLAC, showed that the proton
seemed tn be constructed of many point-like constituents
#hich Feynman called 'partons',

These partons vwere 1imnmediately identified with the
guarks in the theory of 3Gell-¥ann and Ne'emann? This
theory built up various families of hadrons from three
differen+ t ypes {Elavors) of particles {quarks).
(Zxperimental evidence nov exists for at lsast five flavors
of gquarks.) In its simplest‘form, the theory had baryons
{such as ©pro+tons and nentrons) composed of 3 guarks and
mesons (such as pions) couzposed of a quark and an antiguark.
Table 1-I shows the properties of the '"known" quarks,
inzluding the b guark that {along with a B) may be the main

2

cons+tituen:t of the upsilon particle (9.5 GeV/c ) discovered

just before this experiment startad. Also included in the



table are the conpositions of some of the hadrons in the
simple guark model.
Table {-I

Quark Quantum Numbers

Flavor 1 d s c b
Spin 172 1/2 172 1/2 1/2
Charge 2/3 -1/3 =-1/3 2/3 =1/3
Raryon Number 1/3 1/3 /3 1/3 1/3
Isospin 1/2 1/2 9] Q 0
Strangen2ss 0 0 1 0 0
Charm 0 9 J 1 9
Beauty C Q 0 9 1

Hadron Compositions

Proton uud

Yeutron add
+

Pi ud
Pi ud
J/p cc

Upsilon bb

The successful predictions of the th20ry are numerous,
the wmost spectacular being the prediction of various new
particles such as the Omega-minus baryon and, in 1later
anification +*heories, the J/7 vector meson.

One of the other consequences of the model, workxed on
by Drell ani Yan5 in 1970, involved the production of lepton
pairs in the reaction:

A+ 27 =L L .+X (1-1)



where A and 3B are hadrons and X means any other particles.
Their theorv visnmalized the underlying reaction to be
tha electromagnatic annihilation of a guark and antiquark
into a virtual photon which +*hen decays 1into a pair of
leptons. See Pigure 1-1. They showed that this was a valid
way to picture the reaction when the photon'!s rest mass was
sufficiently greater than the quark resi DASS., When this
condition is valid, the quarks in a hadron can then be taken
to be point-like ©particles which are momentarily free of
interactions with the rest of the hadrons (the iampulse
approximation). The @uark structure of nucleons measured in
iesp-in2lastic 2lectron-proton scattering experirents can
then be used to predict cross sections for the reaction:
+ -
p+p—=>p p +X (1-2)
Their simple result was that the cross section should
gqo as:
+ -
A+3=>LL +X . (1-3)

2 2 4 2
do/(dM dx ) = (G wx*/ 34 1) 3 {[e./(x +x )]
f 1 i A B
A B A B
Frx £ (x )yx £_ (x}) + x f_ (x)Yxf (x N}
A1 A B 1 B A1 A B 1 B

{Th= sum is over quark flavors.)

Where:



X = Fraction of momentum of the parent hadron 2

carried by the guark.

i = Quark flavor.
I = Antiguarkx of flavor i.
1/2
S = Center of mass ensrqgy of the hadrcn-hadron
collision.,
e = Quark charge 1in units of the -electron's
i

chargqge.
M = Invariant rest mass of the lepton pair.
.= 1/2
xf = Peynman=-x of the lepton pair = 2p /s .

= The lepton pair's momentum in the

collision's center of mass.
f:(xﬁ) = Probability that a quark of flavor i in
"halron A will have momen tum X
The guarks and leptons are assnmed to be massless.

The gquark compositions listed 1in Table 1-1I show an
antiquark in the pion, but not 1in +the proton. The most
naive gquark model would then have a zero cross section for
proton-proton production of dileptons by this mechanism.
The necessarvy antiquarks in-the protons appear when a more
formal approach is made to the guark theory. This theory,
2CD (Quantum Chromodvnamics), is modeled after QED (Quantun
Blectrodynamics). In QFED, one of the important co?rections
to the simple theory is the existence of virtual

elec+ron-positron pairs which are responsible for the vacuun



polarization effact. QCD shows a similar effect 1involving
virtual gquark-antiquark pairs. These guark pairs are called
'sea' gquarks. The guarks of the siaple 3ell-Mann model are
called 'valence' agnarks. The valence guarks are extected to
dominate the probability distribution fuaction at large X,
the sea quark probability falling steeply for x greater than
zero.,

Drell and Yan showed that the probability {"structure")

» A 3 . - -
function f,(xA) can be siaply related to the deep-inelastic

i
results:
A AL
x £ (x ) =yd_ (x) (1-4)
A1 A 2 A

The vair production cross sSection turns out to be just
the cross section for the timelike annihilation diagram (see
Fiqure 1-2) times the probability that the +*wo guarks have
the given nomentun XA and x_. In Adefining XA and xE, the
Drall-Yan formula ignores the possibility that the virtual
photon may have some trapsverse momentun (pT) relative to
th2 hadron collision axis.

Tha formnla also ignores the effect that "zcolor" would
have on the cross section., Color (the C of CCD) is another
quan+tum number that juarks mayvy have. A quark can have any

one of three colors, so that if gquarks must have nmatching

colors (ie, red and £éd) to annihilate, the probabkility of a



matched pair of guark and antigquark meeting is reduced by
1/3 comparzd +o the vwz measurements £from ep sScattering,
which average over the color of the quarks involved in the
zollision. This is one of the few cases where the increase
of <guark types by the addition of the color quintum numker
decreases a cross section. Including color then results in
tha cross sectiosn:

2 2 . I 2
Fw/@ntax ) = @ w3 (e /(x +x )] (1-5)
1 1

w W

A
f_ (x)x £ (x )T
1 A B

A B
Tz £ (x)x £_ (x ) +
a1 A R 3 B

»
e
=

or alternatively:

2 4 2
de/(dx dx) = (b7rx¥s/ (%M )) 3 fe. (1-6)
A B8 I i

A B A B
Ffoi(xA)xBfi (xB) + foI (xa)xBfi(xB)]}

Drell and Yan stated that this mecharnism would dominate
the production of &©passive lepton pairs. 1In considering
nucleon-nucleon scattering, where the antiguark must come
from a sea distribution that falls steeply with xA and xB,
the formula sdys that dilepton production will fall gquickly
with mass. This has in fact been seen in a Tecent dilepton
experiment? If, however, the nucleon 4 in the reaction |is
replaced Dby a pion, which has a valence antiquark that can
appear at large XA' then the cross section shouli fall mnuch

nore slowly and become much larger than the nucleon-nucleon



sross section. Thus at high mass, the spectrum is dominated
by the reaction where the antiquark comes from the pion.
Indeed, by carefully measuring the mass and xf spectrun of
pion-induced dileptons, one can raverse the ahove eguations
and measure the pion structure function.

The mechanisn considared here is basically an
electromaqnetic interaction, and it is of interest to find
any differences it migqht have with some hypothetical strong
interac*tion tha+t would also produce a dilspton. The isospin
syametery of the strong interaction demands that when an
isospin 1 varticle such as a pion interacts with an iseospin
Q obiect, the cross secticn should be 1independznt of the
third isospin component of the incident particle because the
reaction <can only occur via one 1isospin channel. For
axample, as Zarhon-12 is an 1isoscalar nucleus, +he cross
section for the reactions:

+ + -

. pi~ + Carbon12 > pp +X {(1=-1n
should be the same and the ratio of the cross sections
should be 1. That is, the ratio:

+ + - - + -
R=¢ (piC=2>pp +X)/c(piC =>pp + X) {1-8)
= 1 for strong interactions.

Any deviation from 1 in *his ratio would 1indicate a

non-strang intesraction at work. The Drell-Yan mechanisn



predicts just such an asyametry in the cross section for the
praduction of high mass muon pairs where only +the valence
gquarks contribute, When a2 pion collides with an isoscalar
nuclear targ=t, which has equal numbers of u and d gquarks,
and forms a w@massive pair, the relative size of the cross
sections depends only on the charge of ths antiguark in the

pion (=-2/3 for the 11 in the pi and 1/3 for the A in the
pi+). Thus the Drell-Yan mechanism predic+ts that the cross
section ratio R should be the ratio of the sgquare of the
charges (1/4) at large masses,

The Drell-Yan mechanisa involves the decay 2f a virtual
photon., As Drell and Yar pointed out, if one assumes that
the gquarks and leptons are (relatively) massless, and that
thay are spin 1/2 fermions, then the spin of the photon |is
aligned with its direction of +travel, Hence the decay
directions of the final state leptons should show a
correlation with the polar angle of the deca? (the angle, 1in
the absence of any P, of the direction of travel of one of
the muons relative to the direction of the target in the
pho+ton rest frame). See Pigure 1-3. In the simple model
shown here, one expects a 1 + cos e* distrihution.

As Tigure 1-4 shows, both of these effects, the polar

angle Adependence and the pion charge dependence, have been
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binted at in an 2arlier experiment (known as E331 at FNAL)
. = 6 .

by our experimental agroup. It was to pin these effects
lown ani ul+timately to measure the pion structure function
that we nperformed am upgraded version of our experiment in

the Fall of 1977 at Fermilab.

The Fxperiment

Our experiment used a larqge acceptance, high resolution
spectromater to measure inclusive muon pair production. 4

viriety of dJdifferent incident ©particles and targets were

used:
o+ +
pPL +C = pp +X {1-9)
- +_
pi +C = p p + X
- +‘—
pi + C1 = p p” + X
- +
pi + H =>p p + X
+*
P +C =>qpp +X
+ +
K +C = pp +X
+
3] +C =>pp + X

with s = 416 3eV .,
Apn isoscalar target (carbon) was usel for both positive
v+ -- . 3
and reqative heans to measure the pi /pi production ratio.,
Por the high intensity negative beam runs *that neasured *he

pion structure function, tvo dAifferent short, metal targets

(copper and tungstan) were us2d4., The reasons for switching
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to *he matal targyets are Jiven in the next chapter.
The acceprance of the apparatus was usefully large for:
2
2m < M < 12 Gev/c {1-8)
H Hp
0 <x < 1
£

p < 5 3ev/c
™

*
fcos8 | < 3.9

whare e* is the polar anqgle.

lecause Wwe were interested only in high mass dimuons (3
GeV/c2 and above)l, a special mass dependant twrigger logic
was developed £for the experiment which greatly suppressed
th2 trigger rate of events with mass less than 2.5 GeV/cz.

This thesis will deal mainly with the production of
dimuons in the framework of the Drell-Yanr mechanism. Other
features of this experiment will appear 1ia the theses of
Catherine Newman and Kari Karhi (both of the University of
Chicago) .

In this renort, 1t will prove conveniant at.  times to
hreak up the =zxperiment 1into the five different peariods

listed in Table 1-II, depending on target +type and tean

conditions.



(n

(4

(5

Taple 1-II Different Run Periods

and Average Intensities

Tha first positiva bean run with a cagbon target
(#C_). Averade beam intensity = 4.2x10 rparticles

per oulse. Pions and kaons not separated.

The second run of positive beam on carbon (+C__).

5] IT

Baam = 6.1x10 particles per pulse. Pions and
kaons separated.

6
The negative beam on carbon (-C). Beam = 7.5x10
partizles per pulse,

o
The negative beam on copper (-Cu . Beam = 14x1)D
particles per pulse,
The negative heam on tungsten (-#W). Beam = 20x10

particles per pulse, At this point, w2 used about
half of all the primary protons available from the

accelerator.
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Pigure 1-1. Drell-Yan mechanism for dilepton production.



ls

E = ENERGY .

L0l

o - ?17T(12€3&2
~ 3Eg?

Figure 1-2. Quark annihilation into two lepténs;
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BEAM 8"

TARGET

Pigure 1-3. Polar anqgle definition. The figure corresponds

to the u-channel defined in Chapter V.



16

'h 2.0 | ! | | | I

+\ .

k 1.5 -

_g 4.0_+'!'+++ ——

o

X o5l + ‘ i

| 1 S | L | l
0— 2 3 !
,MILLILL(GQV/CZ)

égl T T T ) T [ T

5 T +N- + ~+ X

2 B -

= T

xéD 2 _ ¢

2 ' N

:: 4-{ }} -

< T !

o 0 ] | | | | | i

© 2 4 .6 .8

cos 8%

(2.3 < Mpp < 2.7GeV/c?)

Pigqure 1-4. Results of Branson et_al, showing the change in

s ’ E
the pi /pi ratio with mass and the cos

8 distribqtion.



17

INTRODOZTION

Tkis o2xperiment took place at tha Fermi VNational
Accelarator Laboratory in Batavia, Illinois during ths Fall
of 1977, Tigure 2-1 shows the gen2ral layout of the
accelerator, which produced 4)) GeV/c protons at intensities
of up to 2.5x13]3 protons per pulse. Thase Dpratons were
transport2i to the experimental areas in two forms, a slow
spill of 1.25 sa2zconds, follow2d immediazely by a fast spill
3bout 1 msec lony for the neutrino experimants,

Qur 2%¥periaent used the slow spill. The protons
allotted to us struck the aluminunm neutrino target,
producing the secondary particles (pidons, kaons, and
protons) us29 in our experiment. The NO and N1 bheam lines
carried this secondary beam to +the Muon Spectrometer
Laboratory., Three small scintillator countars defined the
siqu anl arrival time of the beam. Fonur threshold gas
Zerenkov counters analyzed th2 bzam composition.

Jur apparatus, shown in Fiqure 2-2, was built around
the form=sr Chizago> Cyclotron Magnet (the CCHM) which was
located in tﬁe npstream 2nd of the nmuon lab.

At the point that the beam entereil +the muon lab, 2

scintillator hodoscopve (V , the 'Halo Veto' in Pigurzs 2-2)
i .
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vetoed the halo of muons surroundirg thas bszam. This counter
array hal a 2 by 2 inch hole in the center to let the pean
through. (The 1last beam counter, placed just before the
target, covered this hole.) To veto auons in the beam, a
small scintillator counter (v ) ¥vas placed just hehind
muon
th2 P bank at +*he position of the non-interacting muon
"haam",

Thr2e different targets, carbon, cooper, and tungsten,
#ere us21 luriny the experiment. Fach targst vas one pion
ibsorption length long.

Downstr=2am of the targat, thers was first a 1.7 neter
Arift sovaz2 €followed by a 3 meter thick iron shield
(including 8 inches of Borax for incrzased shielding against
slaow nautrons) covering th2 aperturs of the soectrometer.
The Borix was placed in the gap shown in the shield in
Fiqure 2-2. The Arift spac> was needed to separate events
produc2l in the target from those produwsedl in the shield.
Th2 shi2l1l31 oprotected +the spectrometer from the flood of
hadrons coning fgom the tarcget bafore most of them could
dezay into muons and so give a false signal, and before *he
kadrons zoull r2ach and overload the wire chambers.

Three major scintillator hodoscopss were used to select

guickly high=-mass dimuon caniidates. The first of these,
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the J hodoscone, which directly followed the iron shield,
measured thzs opening angle of thes pairs. The P hodoscope
bank, placel 10 meters downstrean of =he CCM, was used in
coincidence with +he J to measure roughly the anoas!
momenta. In addition, the trigger required that these
holoscop2s, alony with the P hodoscope amounted 15 meters
downstream of +the CCM, -contain hits from two or more well
separated particles, The additional iron in front cf the P
pbank, formarly the Rochester Cyclotron Magnet, improvaed our
hadron rejection. The additional range requirement imposed
hy the iron also helped in rejecting low mass dimuon events,

To m=2asur2 +track positiorns, we had 14 planes of
multiwire proportional chamhers (MWPC) in front of <the CCH
and 12 planes of spark chaabers aftar the magnet. A
CPRN-Heidelberg group 1oaned us two 1large HW?C'S? The
sther 1large chambers were part of the spectrometer facility
which w#as bulit for a Zhicaqo-Harvari-Illinois-Oxford
collaboration (Fermilab experiment #98)?

Much of the electronizs was provided by Fermilab's
Physics R{es=2arch Fjuipment Pool (PREDR). These included
standard fast logic modules (NIM, ©Nuclear Instrument

Modales) and computar interfize logic (CA#AZ).
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The Bean

—— - R 2D

This experiment used the ¥1 secondary beam line. See
Fiqura 2-3., Tha 470 3eV/c orimary protons incident on a 15
inch Al *arget during the slow spill produceqd tha
secondaries. The Juadrupole triplet magnst train in the N)
beam 1lin2 fo-us231 the secondaries into the neutrino decay-
pipe. These magnets were set to maximize the negative bean
flux into the neutrino decay pipe for the neutrino
experimants., After the decay pipe, the 142 dipole nmragnet in
enclosure 100 bent the beam into the N1 beanm line.

Jacause the N1 beam 1line closely paralleled the
neutrino beam, some 5f the N1 magnets could benl =muons in
the fas% {(neutrino) spill into the neutrino experimental
3raas, causing background problems for the experiments
locatad thara. The solution to this problem was to prevent
any muons from reaching the N1 line Jduring the fast spill by
turning off tho ¥9J magnet W) .25 seconds before the end of
the slow spill. It took this long for the magnet to reach
zero field. So we wera able to use only the £first second of
tha 1.25 sazoni slow spill.

The radio freguency (rf) of the accelerator resulted in
a bean structure of bunchas {("buckets™) less than 2 nsec

wile =2vary 13,83 nsec during th= spill.



The chaic2 of bean momentum was a compromise between
maximizing detector acceptanca and productiosn craoss section
by runoing at the highest possible momentum, anid maximizing
*he number of pions in the b2am (both positive and negative)
for a given €lux of primary protons by <cunniny at lower
momentum. Ye adjusted the maqgnets +to accept 225 Gev/c
momentun particles, with a momentum spread of + 5%, VWe used
hoth positivz ani negative beans.

During the positive rumning, the acceleratotr provided
more b2am then we could bandle., Sinc2 a major goal of the
experimant was t> measure pion induced muon pairs, we put
polyethylene into the seconiary beam (in emclosure 100) to
enrich the pion to proton ratio i+ the cost of decreasing
the total flnux. Because the proton absorption cross section
is 42% larger than the pion cross section, the percentage of
pions in the b2am increased as the bean passed through the
absorber, The anount of absorber could be varied from =zero
to 8 feet (3 interaction langths) f£rom our control console.
Th2 perzantage of positive pions céuld be varied from 14% to
35% of the beam., We adjusted the absorber to keep the event
rite at about 12 evants per osulsa,. Y2 d4id not use any
absorber in the negative runs vwhere we wanted all of the

antiprotons we could get, 4ith the n=sgative team, we
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obtained a vyield of 2 x 10  particles per primary proton.
Du2 to the use o5f a variable leng+th absorber in the positive
beam, the actual positive yvield varied at the muon Llab. a
typical yield was 1 x 13- pacticles per proton.

The ap2rture and timing of the beam was defined by the
three beam scintillator countaers shown in.Figure 2=-4, T 's

1

size was 3"x3", T7 was 2"x2", and T was 2"x1.5", T came
! 1

before and Tj after the last set of 4dipole magnets in

anclosura: 1504, Tu came just before thes target. The beanm
counters constrained the defined beam to an angular spread
of about 1 mrad. The beanx was focusel to a 2 cm by 3 cno
spot at the targat.

Accompanying the hadrorn bs2am was a small contamination
of mnons. The muons came from the dacay of pions and kaoms
in flight along the beanm line (914 n). About 7% of the
pions and 27% of the kaons prodnced in the neutrino target
dezayed into mudns, most of which were swapt out of the
bean.

For +*he purposes of the trigger logic the muons vere
1ivided into two categories, 'beam' muons which arrived at
the lab within +he beam spot definition, and 'halo' nuons
which were outside the Adafined beam aperture. our

r1easuremants indicate that the bean muons renresented about
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2% of the negative beam and about 6% of the positive bean.
It was higher for the positiv2 b2am becanse the polyethylerne
ahsorber 7r2iuc21 the hadron flux vithout affecting the
musns. The halo muon component was of similar size.

Recause of the high penetrating powér of mnmucns, the
halo nmuons 1id4 not need to stay within the beam line proper
in order *to ge*t through the shielding surrounding the bean
line, The result was thait the halo of nuons extended
outward from th2 beam to cover the entire aperture of the
experiment (Inx2m). We kept the halo out ot the bean
jefinition by using a 1mx2m halo veto counter array (Vu)
around the beam at the target. To further veto halo
‘contamination, at the downstream end of éach of the three
iipoles 1in enclosure 104, the beam passad through a four
inch diameter hole in a Jaw counter (Vjau). Fach Jjaw
counter had twd scipntillators with samicircular pieces
renoved from th=2ir 2nds. A veto counter (V . 10cma x

muon

2%zm) placed in the beam path, but downstrzam of the 3 meter

hairon shiell anl the CCM, detected the bzam muons,., Any one

of these three vetos, V , V , or V_ , would inhibit the
M maon jaw

trigger.

Ye determined the beam zomposition using 4 threshold

.y

gqas Cerenkov <counters {lab2lled ¢ , 2, C , and C ). The
2 3 4 5
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counters used the beam pipe between the magnet enclosures as
pressur2 vessels for the helinam radiators (115mn, 49m, 69n,
ani 26m in langth). As shown 1in Pigur2 2-5, a spherical
mirror focused the Cerenxov 1light on a RCA C31000¥M
photonultiplier +*uhe. We lined up the ﬁirrors by placing a
spall light buld at aﬁe end of the beam pipe and adjusting
the 1image to be at the center of the quartz window. The
quartz window had a gquarter wave c¢oa*ing of @magnesiun
florile to improve 1its transaission. Pigure 2-6 shows a
*ypical pressure curve for th2 positive beam. PFor the first
positiva beanm run and for all of the nejative runs, the
counters wa2re sat qJust Dbelow the proton threshold to
separate (anti)protons from pions and kxaons. (In the first:
positive beam run only thr2e counters were working.) For
the second positive run, when all of the <counters were
working, we sat C3 and C5 to detect pions and kaons, and C

ani Cu to d2tact only pions., I will discuss the use of the
counter information later in the analysis section. Table
2-T gqgives +*he average beam composition. The positive
conapositions are our o¥n measurements, the negative
compositions are an earlier measurement (in the same bean

9
line) by Aubert, et _al. Thaese beaa compositions do not

include the muon contanination.



Table 2-1 Average Seam Compositions

Dpsitiva Bean ?ions « 31
Kaouns 013
Protons .h8

Negativa R=an Pions & Xions ,L,995
Antiprotons » D05

The_Target
. + -
To measure the <cross section ratio of pi to pi
induced pairs, ¥o used an isoscalar nuclzus for the target.
A long zarbosn targa* was used, consisting of three 4 inch
3
ctbes of hiqh density carbon (2.2 gm/cm ). See Figure 2-7.

e placed scintillator counters (TI and ) between the

T
I3
target seqments so we could tell in which block the
interaction occurred. The target wvas followed with a final
interastion <counter (TIS) placed 4 ipches douwnstream of the
las* segment. The high multiplicity of charged —©particles
from interactions «created 1large pulses in the counters
following tha block containing the interaction. Thus, by
looking at the pulse height from the counters, we cculd tell
in which block the interaction occurred.
How2ver, the interaction counters could not handle the
rate of the high intensity na2gative beam runs. In these
runs, w2 used short (£ & inches) metal *targe*ts to localize

the interaction point.




Tha metal targets had another advantage due to their
high atomic weight, As shown in our previous experiment,
tha reaction cross sections that we wer> interested in went

1
1s A wharaas the absorption of the beaa in the target due

to all processes went.as only 32/3. Thus the ratio of
inﬁerestinq r2actions to beam flux as a function of the
173

target type goes as A for the sazme anmber of absorption
lengths. Thns zopper {tungsten) with an atomic mass number
of 53.5 (183.9) has a 74% (148%) higher event —rate than
zarbon for the sawe amount of beam. Unfortunately, the
highar atomic number material also induc=2d aore multiple
scattering in the muon tracks, and so degraded the
spectrometer's resolution. We first ran with a copper
target bhefore wn decided that rate was maore important then
resolution and switched to tungsten. The use of different
targets also provided us with information on the atcmic mass
number i2pendanzs of the reactions of interest,

The copper target {(density 8,96 qm/cmB) was 6 inches
long, th2 tungstz2n (density 17.08 qm/cmB) wvas 4 inches long.

The *ungsten was actually ap alloy, *"allory 1300, which

zontains 290% W, 6% Wi, and 4% Cu.



The_Multiwira_ Proportipnal Chambers

Fourteen planes of MWPC's measured the position of the
maon tratks before the CCM. =Zight of the planes were |
meter by 1 meter chambers with one sense plane each, built
by the E-98 :ollahoration.]0 These chambers had a 1.5nmm
Wwire spacing. They were operated at about 3.7kV using the
gas mixture: 80% Argon, 20% CO , and .4% Freon.

The othar planes (numbered 1,2,3 and 8,9,10 1in Pigqure
2-8) were contained in two large chaabers (!m by 2m in area,
with 2mm wire spacing) built by a CEZRN-Heildelberg group.
They wer2 oparat2d at about 3.7kV using a gas mnixture of 60%
Argon and 40% Isobutane bubbled through cold methylal. Each
chambar hal an x measuring plane and a y measuring plane.
The y-plane was split half way across the acceptance of the
spectrometer. This resulted in a 2cm wide dead area in the
miidle of th=2 y-plane.

Pigqure 2-8 shows in more d=tail the arrangemant of the
chambers., Two items of note: (1) the chamber setup divided
into left and right halves. Furthermore,.the triqgqger only
accented pairs with this same left-right division im +their
qeometry, greatly reducing the possibility 2f confusing hits

from Adifferant tracks. (2) #We tilted four of the 1 by 1

meter chambers at a 45 degree angle to form u and v vplanes
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to resolve ambiquities. This arracgeldent also covered the
dead area in *he y-planes of the cCzpY¥ chanbers, thus
increasing the probability of finding a track going down the
nijdle of the apnparatus.

It was 1important to survey the chambers accurately.
The final check of the relative alignment used actual tracks
through *he chamhers., First, we defin23 the coordinate
System so that the the z axis went through the center of the
two CERY chambhers. Then we projected tracks formed fron
hits in thas2 chambers into the othar chambers. The
distance of the nearest spark to this line was measured for
a large sample of tracks as a function of the plane'!s
mrasured cooriinate and <he nperpendicular coordinate. A
correlation »2f the spark distance with the me asured
coordinate represented an orror in the z positicn of the
chimber being t2sted. Correlation with the parpendicular
coordinate represented an error 1in the assumed rotation
angle around the z axis between the chamber's ccordinate
system and th2 experiment's systen. We then adjusted, in
the off-line analysis, the parameters of the chambers to get

ril of these errors. The first attempt revealed a tilt in

3]

ona2 of tha (C32N chambers, which was also removed in the

off-line analysis. These off-line measurenents could detect



3 rotatisn of abhout .25 mrad and a z displacement of about
«25 =n. In th2 cosrdirnate that each chamber measured, the
aliqgnmen* was good to .25mm.

Chanmber efficiencies ware determined by projecting
confirm21 muon tracks (tracks with hits ia both upétream and
downstream chambers that poin*ed at struck counters in all
three triggering hodoscope banks) through a chamber and
looking for a hit at the projection point within a small
{about 3 mm) window. This zalculation assumed +that +the
efficiences of different plaines wvwere uncorrelated. It also
made th=2 (valid) assumption that +the +track reconstruction
program was redundant enough not to be badly affected by any
chambher having a low efficiency. Table 2-II‘shows the
alignment anl 2fficiency parameters of the <chambers. The
lis*ed resolution is calculated from the wire spacing.

The two types of chambers had Jdifferent readout
systems. On the CERN chambers, the sense amplifiers fed
into 200ns-long delay <cables which went into gated latch
circuitsz1 Th2 latch gate was 60ns long., The 200ns delay
allowed only a preliminary decision to be made on the
trigger bhefore thelsiqnals hail to be latchad. If an event
3id not satisfy the full trigger logic, the latches werse

%
reset within 1 amicrosecond. If the £full <trigger was
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satisfied, the latch information wvas transferreld to shift
reqisters for read out to the computer.

fn the 1 by 1 meter chambers a signal from the sense
amplifier would fire a one-shot with a 52Jns long output,.
An external latch signal wonli transfer the one-shot outputs
into shift registers. However, the shift registars lacked a
fast reset and counld only be reset by reading them out (a
several millisecond lcng process). So to prevent this fronm
zausing an unacceptable amount of dead tims, *the latch
signal had to come from the master trigger. Thus the
one-shot's memory time 3et the ultimate time constraint on
th2 trigger logic.

For both chamber systems, a coamputer/chamber interface
svstem12 converted the information in thza shif+t registers

into wirs locations which were then passed along to the

on-line computer,

ki Infor+tunately, the rf noise from the spark chambers
could €ire this reset. To prevent this, the reset circuit
required a pulse greater +thin 1 microsecopd 1long. This

requirement let=2rmined the dead time Aue to the reset.
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Tahle 2-II Opstream MWPC

Plane Tyne Res ? Pasition Tilt Efficiency
(mn) {Meters To CCM) (Deqrees)
1 Y .58 4,923 90. 09 57
2 Y .58 4,903 90.00 .97
3 X .58 4.883 0.09 « 96
) i} . U6 4.603 -44,95 .96
S g .46 4,413 -45.,17 .96
6 v .46 4,155 44 .89 .94
7 v LUb 3.988 b4, 96 .97
8 X .58 3.620 0.15 .94
9 Y . 958 3.595 90.15 .96
19 Y .58 3.595 93.15 .96
11 X .46 3. 065 - 0.05 .86
12 Y . U5 2.93) 2.06 .96
13 Y U6 2,658 990.15 .86
4 Y U6 2.478 90,02 .95

Tha_Chicago Cyclotron Magnet

The CCM had an effective diameter of 5.18 meters and a
gap of 1,29 metars. FfHe approximated the magnetiz field as a
hard edge cylinder with a field of 6.96 kilogauss.

The Spark_Chambers

13
e had 12 planes of spark <chanmbers aftter the cCCnm.

Measuring 2 meters by 4 meters, each chamber frame had two
spark gaps. Th2 gaps were formel from an x measuring wire
sense plane (*he <cathode) and a %tilted sense plane (tha
anode). The two planes formed a2 narrow anyle (7.1 degrees)

stereos-opiz pair. “hen the spark gap fired, capacitors
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attached to the striuck sense wires woul?d be charged up. The
prasenc2 or absence of the chirge would then be recorded in
a2 shift registar. The shift registers were read hy the sanme
type of system used with the MWPC's,

Because we expected a3 higher evant rate +than the
original designars (E-98 again), we made new high voltage
supplies for +the chambers, one for each gap. The spark
voltage was set at about 7kV, In another step to improve
the rate capabilities of tne chambers, we used a high flow
rate gas system that cleaned the gas mixture (90% Ne, 10%
He, bubbled through 1-propanol) as it recycled the gas.

The planes common to a given spark obviously had
correlated efficiences. Thus the efficiencies 1listed 1in
Takle 2-III give the probability that both planes of a gap
with their associated readout electronics worked, that the
first worked and not the second, that the second wcrked and
not the first, anqad t£at both Aid not work. The table 1lists
the measured resolution of the chambers for beam particles,
as well as their positions, tilts, and efficiences. We

~hecked thes2 param=2ters in the same manner as the MWPC's.
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Table 2-II1I Downstream Spark Chambers

Plane Typ2 R2s Z Position Til* Ffficiency
(mm) ab ab ab ab
1! T . 25 3.91 -7.1
> ) 2 JI44 L0066 ,L,021 .029
16 X . 35 3.92 C.
7 X .38 4,03 0.0
! .821 .62 .JI25 112
18 v .28 4,0u +7 .1
19 0] L U3 5.74 -7.1
.955 .004 .015 .026
27 X .33 5.75 3.0
2 X .38 5.87 n. 0
975 .212 .0C7 .006
22 v L U5 5. 88 +7.3
025 7. 56 -7.1
.384 ,213 ,020 .083
24 X . 3D 7.57 0.0
25 X .33 7.68 2.9
_ .748 .,212 ,.006 .033
26 v .28 7.69 +7.1

The Iriggering_Hadoscopes

The three large scintillator arrays (the J, F, and P)
formed tha zentral element of the trigger. Figures 2-9 and
2-1) show the arrangemen* of the individual counters in the
arrays. The J counters vari=d from 1.75 inches to 8 inches
wile, the F counters were either 7.25 or 7.5 inches wide,
and the P counters varied from 6 inches to 13 1inches wide.

A1l of the arrays were divided into up and down halves so

+hit we zonlil insist on one muon in the upper part of the

apparatus and one in the lower part. I will discuss this
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e

feature and others in the section on the trigger. The
counters had adiabatic 1light pipes leading to RCA 8575
phototubes. The higk voltage and timing 2f the counters was
set using nmuons produced in the target. Fast {RG3-8) cables
(foam dielectric with v = .8c) brought the phototube sigrals
to the Aiscriminators for the J and F banks at the main
eleactronics rack. Discriminators and 1logic £for the P
hodoscope were located next *o the P bank.

The output of the discriminators, with a width set at
1Tns, ware f21 into CANAC latches. Since a particle track
in the chambers had to point at struck counters {as defined
by the CAMAC latch bits) 1in all +three hodoscopes to be
called 2 muon, the «counter latch information provided a
timing check on the tracks.

The_Trigger

The trigger can be divided into two parts: the dimuon

ioqic, which required that two or more muons be prcduced in

an event, and the mass logic, which actually estimated the
invariant mass o2f the pair.

Because of the large size of the eaxperiment (25 meters
from tha target to the P hodoscope) anl the tight tinme
constraints (we needed a final trigger decision in less than

500ns), +the wmain electronics vrack had to be placed in a



~en+ral location, nex* to the spark chambers, despite the rf
noise these chanbers gave off when fired. Cf this 500ns
{(the nmemory time of the one-shots in the 1x1 meter MWPC
electronics), abdout 200ns was used in the travel time of the
muons from the 1 by 1 nmeter MWPZ's to the P hodoscope and in
tha travel time of a trigger signal back to the HMWPC!'s,
leaving less than 300ns to do the complete logic.

In this 300ns, the Aimuon logic checked for the
following iteums:

Table 2-IV, The Dimuon Logic

{a) The presence and arrival time of the Dbean
particle,

(b) That the beam particle was not a muon and
that no other particles entered off the bean

axis,

{c) That only one hean particle entered 1in a
given bucket,

L e s . ad i
T icle t 2 v
{d) That the particle interacta2d in the target

(e} That two or nore muons traveled all the way
through the spectrometer.

Not all 92f thes= elements were in the trigger at all times;
in particular, parts (c) and (d) were not in the trigger
during the high intensity runs on the m2tal targets. Fiqure
2-11 shows the overall flowv of the trigger logic and Table

2=V defines the symbols used.




Table 2-V

Definition Of Logic Flements Jsed Iwn Figure 2-11

T2, T = The beam defining counters. T , which is just
. i

before the target, defines the arrival time of ¢the

beanm. Th2 signals from the other two counters must

come within 6 asec of Tu for a valid beam particle.

T => Pulse haight of the targqet counter T indicates an

I

v

1aws

v

maon

Jd
xT(M

J

I3 » 3 16
interaction in the target.

=> Pulse height of the counter T 1indicates 2 or more
I

particles in a single bean bhucket.
’ Vq => Vatos which indicate off axis halo particles.
= Indicates a muon in the bean.

=> A hit in the upper (lower) J counters.
X

=> A hit in the right (left) side of the J counters.

yR (L) y

T
T(3)

UOLDR

=> A hit in the top (hottom) half of the F bhank.

=> 4 conplete set of hits 1in diagonally opposite
gquairants 92f *he J hodoscope (upper left and lower

right quadrants in both the x and v J counters).
=> Hits in the urper right and lower le2ft J counters.

Hits in diagonally opposite quadrants (ULDR or UORDL)
wi*h some combination of hits in either x or vy

separated by at leas:t one counter.

Hits in both the top and bottom P counters with some

combination of hits separated by at leaast one counter.

Same as F, but applied to P bank.
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= Computar controlled switch to turn data taking on or
off,

Gate = Defines the beam spill length.

=> Less than n J counter hits,
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Th2 trigqar made the five dimuon chezks at three levels
0f sophistication. The first level {pretrigger 1 as defined
in Figqurz 2-11) was a quick check of iteas (a), (d), and (e)
and was used *o latch the signals from the CERN chambers (at
a rate of about 459 triggers per million B) .

Pratriggar 2 included a more careful check for the
presence of two muons by making a more detailed examination
0f the geometry of the hits 1in the J hodoscore. This
pretriqgar (th2 rate was approximately 350 per million B)
set the ZAMAT la*ches for the various counters and s*arted
the mass calculation logic by providing a clock/latch signal
for th» mass logic's 1internal latches. The mass logic
accepted thrae different clock signals, one for the F bank’
and one for each allowed pair of J guadrants.

Because th2 runs with metal targe*s had n> check that
there was an in*eraction in the target (item d), it |was
possible for a beam particle which interacted after
penetrating de2ep into the iron shield to produce a flood of
pacrticles at *the J hodoscope. To eliminate these events, a
maximum limit was placed on the number of hits allowed in
the J hodoscope at the Pretrigger 2 level in the logic
quring *he m=2tal target runs, The limit was 15 for copper

ani 72 for tungsten. A clean dimuon event would have only 4
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J counters on., on +he basis of oar reconstruction
efficiency checks, (see Chapter IIT), we eostimate that this
cut lost less than 2% of the real events.

The +third level in the 3imuon logic used all available
information. The five items in the dimuon trigger were
defined as (a) all the beam counters hit within 6ns of each
other, (b} no hits in halo or muon vetos, {(c) the pulse
height imn Tu consistent with only one particle in the beanm,
(d) the pulse heiqht in TI6 consistent with two or @more

particles 1l2aving the target, and (e) twdo Or more separated

(5%}

hits in all three counter banks, the J, , and P. The
iimuon trigger rate was 5 events per milliosn B.

The mass logic, the second part of the trigger, used
the J and P bank signals to estimate the Adimuon mass.
Basically, the logic used coincidences between the Jx and F
counters to calculate the logarithms of the @puon m@monmenta,
ani coincidences between J counters to <calculate the
logarithm of the opening angle. The sum of these three
numbers 1is oproportional to the log of the mass. <The logic
then checked that the sum was greater than some selected
value, Appendix A gJives a full description of the logic.

I+ performed the calculation in 1)Jns and estimated the mass

correctly to within a factor of two about 95% of the time.




At the highest mass setting used, the trigger rate was 2.4
events per million 3,

The result of the dimuon logic was combined with the
result of the mass logic to form the mpaster trigger.

The master trigger sent the latch signal tc the 1x1
meter MWPC's anl fired the spark chambers. After waiting 5
microseconds to allow the rf noise from the spark chanmbers
to subsiie, tha on-line computer started reading in the
data. It took abount 12ms to read in the data and 1) to 2Jms
for the spark chamber ©powar supplies to recover, during
which ¢h2 experiment was gated off.

Two live time gates were defined in the logic. 3ate 1
was controlled by +the compater's on/off switch (RUh), the
definition of th=2 spill interval (the Beam 3ate), and the
dead t+ime Adua to the spark chamber rf noise. Gate 2, the
actual live *ime of the trigger, included the effects of the
dead time which came from the 2)0msec needed to read in an
evant and the 1 microsecond reset time of the CERN chamber
latches,

In order *to normalize our final <cross sections, the
number and typbe of particles incident on the target were
needed. Th2 heam flux was determined by counting the number

of occurences of various coincidences between the Cerenkov
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cointers anl the beam signal (2 in ~fFiqure 2-11}. For
example, a B signal with no Terenkov counters on refpresented
A proton. {See Chapter IV for more information on particle

dapn+tifi~atisn.) The counting was done using CAAAC scalers

| madd

that were active when Gate 2 was on.
The pulse heiqghts of the target 1interaction counters
and of tha Carenkov <counters vwere recorded using CAJNAC

analog to digital converters (ADC's).

Data_Aguisition

We used a Xerox Data System Sigma III as the on-line
computer, 4 custom-made high speed CAMAC interface for the
Sigma transfered the data direc:ly into the computer's core
memory. The coapu*ter wrote the data on ragnetic tape, and
monitored the status of the experiment. The monitor
funztions included keeping track of scaler sums, Scaler
ratios, readout errors, etc. A number of on-line displays
showed counter and chamber hit jistributions and
multinlicity distributions, counter vulse height
distributions, and vpictures of 1individual events. The
conputer also ran the mass bhox logic checker about once

avery 12707 events.
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FRACTION OF BEAM COUNTING IN C4 (B:C4/B)
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Figure 2-6. Typical pressure curve for C .
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CARBON TARGET
10.27 meters To CCM

—

m | Top View

Side View

10.2 cm,
" (4in)

Pigqure 2-7. Diagraanm showing the relation of the carbon

target blocks to the target counters.
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Piqure 2-8. Diagram

MWPC's active area.
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MWPC ALIGMENT

BEAM
1 Distance From
— CCM Center (m)
= 4.908
T
Tl 4.883
whals hJ

4.443

48 '
% 4603

3.988

3620

3.595

3.065

2.900

2658

2.478

Plane
Na

1,2

9,0

i

i2

i3

{4

The lines inside the box are

showing the position and sizes of the

only> to

guide the eye and do not represent the actual wire spacing.
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Pigure 2-9, Diagram of the J and P hodoscopes.
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TRIGGER LOGIC DIAGRAM
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Piqure 2-11. Trigger logic diagram.
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Chaptar III The Becons*ruction 2rogram

THTRODUZTION )

This chapter Jescribes the reconstruction program used
to transfora th2 data from a set of chazber sparks into
particle tracks with slopes and intercepts. The vprogran
first found tracks in the upstream chambers. Those upstrean
trtacks that pointed at the target and at struck counters in
the J hodoscope were used as a starting point for a track
saarch in the 2 hv 4 meter snvark chambers. To beccme puon
tracks, <candidate tracks had to have linked upstreanm and

Jdownstrean track segments and point at all three hodoscope

Arravys. Track vparameters were then saved on a secondary

The program used a right-handed <coordinate system
centered on the CCH, with positive 2z coordinate in the
direction of the beam, positive y upward, and positive x to
the w2st. The centers of the +wo CERN chambers defined the
z axis. Chapter TII deécribed the method used to locate the

nsther chambers, Positicon distrihuations of tracks at the
hodoszopes in the vicinity of a hit counter provided the
final locations for the counter banks. Figure 3-1 shows an

axample for the F hodcscore. In this coordinate system the
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heam ~anm~ into the lab with an angle 2f 3.2 mrad in x and
-6.25 mrad in v. The center of the target Was pcsitioned
off the z axis by ~24mm ip x and +3dmnm in vy.

Tha upstream track £ind=r used an exhaustive apnroach.

(1]

As Figure 2-3 shyws, the upstra=2am ¥ an ¥y planes could
measure four <types of track segments: x-lefr, x-righ+,
y-left, and y-right. Three planes measnred each ¢cf these
track +*ypes with little of no overlap'between left and
right., The nroqgram s+tarted with a search for three-point
tracks of a given tycve by siaply taking all pairs c¢f sparks
in two planes ani, forming a lina Dbetween them, searching
for a third spark in the repaining plane within 7.5 ma of
this line, If a third spark was located, the program 4id a
l=ast sguar2s £f1i* o a line using the sparks anil calculated
a chi saquare hased on +the chamber resolution. Lines with a
prohability of the chi sguare (confidencz2 level) less than
.01 weras raject2d. As a timinq'check on particle tracks,
lines also had *o intersect th2 J hodoscope within 12.5 mnm
of a hit counter,. Finally, +th=z 1line hkad to pierce an
imaginary box surrounding the target as shown in Fiqure. 3-2.
The proqram searched the y planes first, <hen tha x planes.

329943 track segments were then inserted into a track burtfer



along with a lahel giving the track tvyre,

After all possikle 3 point tracks sere tried, all
possible 2 point tracks werz2 formed from +ha remairing
unused sparks for each track type. To cover the dead area
in the CZRN v chambers, the éroqram also searched for 2
point y tracks 1in the small overlap area betwsen the last
two y measuring 1 by 1 meter chambers. This last <type of
twi>-point track entered the  upstream track buffer twice,
once as a1 right-side track and once as a left-side <track.
Like the 3 point tracks, the two-point tracks had to point
at J counters and at the target.

The program then tried to pair +he x and vy tracks
segments that were on the saﬁe side into global tracks using
the dinformation from the u and v chambers. All pcssible x
ind y %frack pairs were prcijected into the uv chambers, which
were searched for sparks within 3.25 mm of this line. Any
such sparks were combined with the x and y sparks to fora a
global track. To be kept, a global line had to point at a
pair of overlapping struck J counters (ome X and one y in
th2 sama guaidrant) and have a chi square of less than 8 per
deqree of freedonm. If, after all xy pairs had heen *ried,
some X or v tracks aprear=ed in more than one globhal track,

tha npnroqram k2pt +*+he glcbhal track with the greatest rumber



of svarks, or, 1if the two (or more) global tracks had the
same number of sparks, the program chayse the lowest chi
squire.,.

Tha next step combined any unpaired x or vy <trackX <that
still »eoxisted with 2all possible vpairs of unused u and v
sparks, If one or more additional sparks wer2 fourd along
the resulting line, and the line pointel at the J hodoscope,
and if the 1line had a chi sguire per degree of freedom of
less than 8, the proqram.kent the lina. The lime did not
need *o poin* at the target. ~inally, the upstream track
finder formed all possible 4 point uv tracks from the unused
u ind v sparks, and if it could find one more spark on the
line, etz, the program saved tha line,

Tha vprogranm had rgom for 21 x and y tracks and 39

global tracks. The redundancy of this track finder gave tha

proqram A thooretical efficiency of greater than 99.5% even

(=1

f one of th2 1 by 1 chambers failed comolately. The actual
officitency for finding +two track pairs was closer to 98%
according to the reconstruction efficiency check described

at *he 2nd of this chapter.

The downstream *“rack finlder +tried +*o findl a track in x

and y at the samne tinme. The +*rack finder started with a
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list of all stereo spark rairs (from th2 two sense ftlanes of
a qgiven spark gap) which, when <conver-ed to x anid y
coordinates, lay within +he 2 by 4 neter area of the
chambers. Onpaired srarks were discardeld.

The program then started Aown the list of x upstreanm
tracks, globally paired tracks first, looking for a matching
downstream track using the fact that when in a cylindrical
magnetiz fia2ld, the 1impact ©parameter (the distance of
closest approach to the magnet canter) of the track bhefore
and after the magnet stays the same. Test lines were formed
from th2 impact parameter of an upstream track and with =ach
spark in *he pair lis*t as shown in Figure 3-3. {The sparck
displacement from the track his been incrz2ased for claritvy.)
The intersection of each test line with a projection plane
in +the middle of the sparks chambers (5.8 meters from the
CCHM) was calculated. If a group of ¥ sparks formed part of
3 track, these prodjection points wonld cluster toqther.
Hence the method consisted of searching for a cluster of
éparks in the projection plane. A clus*ter was defined as 3
or more points within Smm of each other.

The ster=o spark pairs founi in ar x cluster were then
projected in v %o find a y cluster with a width of less than

25mm. Then th2 reference upstream x track wis part of a



glohal track, several Jifferant assuaptions about the v
coaponans of the downstream track wer2 tried in a%ttempting
to find a v clustzer. The first assumption was that the vy
downstrz2an tracx had the same vy intercept at the CCM as the
referencs upstr=2anm ylobal *rack. The second was that 'the
track had +he same v slope. If hoth of these failed or if
the upstreanm track was not a global track, the progran tried
to find a y trazk that pointed at the targa+t.

The spark pairs found in a double (x and y) cluster
ver2 nsa2d in a least soguares fit to form a candidate track.
"ach plane wias s=2arched for the <closest spark (if any)
within 12.,75man of +this candidate track. If this new set of
sparks contained at least 3 x sparks, 1 u spark, and 1 v
spairtk anl +*h2s rasul+ing track could lirnk with some permitted
combina*“ion of x and y upstream tracks, the spark sa%t was
£it to a line which then hecame the new candidate track.
Tha test was then rCepeated on tha caniidate track with a
3.752m window. Should the track fail, several different
variations on the initial track parameters were tried in the
spark search in an attempt to find a good downstre=ar track.

Nnce *the program had a good candidate track, it checke?d
that the track pointed at a hit P counter within 2*7.%5mm in x

ani 75man in v, If two tracks had more thar 2 sparks in
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coamon, the track with the greater nunber of sparks was
kept. Given ejual numbher of sparks, *the track with the
smallest chi saquare was picked. Pinally, a track had to
poin* within 420mm of a hit 2 hodosc5oe counter, loose

hacause of the

n

cattering in *he Rochester irom. The range
requirem2nt so imposed assured us that the downstream tracks
Were muons. The hodoscope checks also served as timing
checks on the tracks.

The resulting set of upstream and downstream +track
seqgnents +*hen needed tc he linked together. Linked track
segments had three nvparameters in conmon: the x impact
paramefers, the v intercepts at the CCM, and the v slopes at
the CZM,

The program first tried linking the downstream tracks

0o global upstream tracks using as a chi square for linking:

2 2 2 2
X = (Z\x/8 ) + (AA\V/&8 ) + (/\s /8) (3-1)
X y Yy s
vhere:
8 = 3.75cnm
X
& = 35,4pn
Y
8 =5 milliradians
s
Links must have had a ¢hi sguare 1less than 3C,. Pach

downstraam +“rackXx was allcwed =-o link with only one upstrean
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track. If the 1links coull be ma?s2 in more than one way, the

rst *+o0 maximize the number of 1links and

} 4

program *ried £
then, if it still %hrad a choice, to minimize the link chi
squnare. If 3 downstream track wouldl not link to an upstrean
global track, tha proqgram zried <o lihk it to +*he unused
separate X ani vy upstream tracks, including the individual x
anl vy pileces of unused qglobal <trackxs. ¥hen doing x anil y
links separately, an x link required that Ax be less +han
27.5mm and the vy link required that the y porticn of the
link chi sguare be less than 27. The rasunltiany x and v
n1pstrszam  tracks had to ooint at a overlapping pair of J
counters., Again, the number of 1links was maximizel when
options existead. Fiqures -4, 3~-5, and 3-56 show
distributions of the linking 3nantities for both beam nuons
ani all nmuons. The multiple scattering in air and in the
chanber material caused the increased widths in the all muon
curves.
Yomentun

A nmuon's momentum was calculated from the well known
formula for a particle in a cvlindrical fiell:

(3-2)
17?2

P = (X + COt(/\S /2) * [T*r - x*¥x) /‘) ¥ B ¥ 2,9974%-4

?3 = momentum in 32V /c
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/\s = difference in x slopes
X

magnatic field radius

[}
I

X = impact parareter (iaz cm)
B = field strength (in kilogauss)

The last two x upstrean chambérs wer2 insida the fringe
field of the ﬁaqnet. So, once the approximate momentum of
the nuon was Xxnown, the spark positions inside these
chambers w2are <corrected to where they would have been if
there had been no field and the line refit. In this refit,
the entire track, upstream ani downstr=am, was fit at the
same time, Aoubling the lever arm of the fit, This fit
forced the x impact parmeters of the upstream anl downstrean
track s~2gments to be the same. After a search added any

missed sparks and threw ouat any sparks that were too far off

this line, *he line was fit yet again. The program then
rezalculated the momentunm. Figurs 3-7 shows the
reconstructed momentum spectruw for beam nmuons. The width

aqrees with that expec*ed from the chambers' resolution.
Finally, the momentum was corrected for the energy loss in
the 1iron and in the target based on the momentum dependent

1
calculations of Therict.
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tezonstruction ~E€ficiency

Figure 3-9 shows the percentage of triggers in which
the program founi *wo oOr more miuaons as a function of Tun
nunber (approximately 170202 triggers per run). These
numbers represent. the miniaum reconstruction efficiency of
'the program hecause sone of the events actually had only one
mnuon. A few runs had a 1low percentage of reconstrucred
triggers. The rroblenm wa s generally caus ed by
mal functioning 2guipment which was quickly fixed. These
runs renpresent only a very small fraction of the data.

0f the events with two zuons in them (as determined by
scanning a large sanple of events bv hand) that were 1ot
recons*ructed, Table 3-TI 1lists the @main reasons why the
progran seenmned *to fail. Table 3-II gives +*the average
reronstrnction afficiencies for the Aifferent targets and
team based on the scans.

The manual scanning defined a nmuon as a line of sparks
in the downstr2am chambers that appeared to point at struck
F and P hodoscopes. Because *he program would find a
downstream track only if it had already found a mazchiug
uopstream track, the manual scan could pick up those events
in which +he upstream *rack finder had failed (usually due

t0o *too many or too few srarks) or in which the ©progranm
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failed *o find an upstream-downstream link. Two physicists
separately scanned 8500 events takea during various parts of
the experimeant.

Table 3~1I Reconstruction Failures

Reason % O0f Failed Events
Blasted Event (too many tracks) 10 to 35%
Plane Inefficiencies 10 to 35%
L.inkingy Failures N to E0%

Table 3-TI Recons*ruction Ffficiency

Beam/target Efficiency
+C 4
-C .94
-Cu .90
-4 .92
All .92

Obviously the high reconstruction officiencies leave little

room for any serious problems.

e e e T Pt -

ry

e carried out the reconstruction and data preparation
in sevaral s+teps. First the raw data and reconstructed
tracks were vwritten out to secondary tapes. Next, tertiary

tapes were created by writing out only the reconstruction



information for 2vents with two or more muons., Finally, the
data wara compacted still <further by <creating tares
con*taining only Jood even:is (see chapter IV). %2 used this

last set of tavpes for the finzl analysis.
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hodoscope when z>unter F18 is on.
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Trigger Reconstruction Probability

Run Number

Pigure 3-8, Percentage of triggers in

reconstruction program found two or more muons.
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I NTRODUCTION

This chaptar describes “he methods used *to convert the
data from events with given %Xinematics to normalized <cross
sections. The first section describes the conditions we
required of events to kXeep them in the data sample. The
second section describes our use of the beam tagging systen
to get normalizations. The Monte Carlo program is then
describei. Finally, *he experiment's backgrounds are
discussed.

CUTs

There w2re threse classes of clearly bad triggers that
were easily removed by siaple cuts: () events that
contained a heams or halo muon, (b)) events that did not
originata in tha target, and (c) events that did not satisfy
the +trigger logic, Figures #-1 and 4-2 show the mass and
monentum spectra for part of the tungsten data befére and
1 fter cuts wara applied to remove +the above backgrounds.

The first step was to get rid of muons that come into
tha lab either in the beam or in the halo around the bean.
The momentum spectra shown in Pigure 4-2 clearly show an
excess of high momentum suons with the same sign as the bean

(ia this case, p7) over oprosite sign muons. Th2 team/halo
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cuts were designed to elipinate the high-aomentum like-sign
muons wit hou< throwing away 'real' even*s, as indicated by
tha opnvposite sian (and presumably good) mwuons,

The halo nmuons were identified by <heir a2xtrapolated
position at *he *arget. Muons that were =oo far from the
target center (in the xy plane) were cut. PRecause of the
multipla scattaring in the Lkadron shield, the wmaximunm
allowed distance from +the target center for a muon was
momentum dependAent. The final cnu+t, as shown in FTigure 4-3,

t+he momentum and the distance o the

iy

wais that th2 projuct o
center of the target had *o be less than 6 GeV/c-meters.

The heam nuons were Jefined as high momentum muons
w#hizh hal only a small angle 8 with <raspect 0 the beanm
direction. Thea cut used, as shown in Figqure 4-4, was:

D = A GeV/mrad *# &8 < 1CJ GaV/c. (4-1)

[

The final momentum spectra {(Figure 4=-2), after all cuts,
showed no chargas asymmetry, indicating that beam and halo
nuons had been eliminated.

The events that did not come from the target were
eliminated by cutting on the probability +tha+t a peair of
tracks 1intersected (forred a vertex) in the target. The
Aifficulty in determining if 3 pair of tracks pointed at the

target was lue +2 multiple scattering in *he hadron shield.
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The Jjoint ©prohability distribantion P for a multiple
scattering of angle & and displacement x is:
X
(4-2)
2 2 2 2 3
P(x,2 ) = explip xn(a /Z = 323 x/z + 3x /z )/.324481]
X 0 % X
where:

z = The lenath of the scattering material (= 3m).

XO = The radiation 1length of the material (=
1. 7écm) .
p = Momentum of the particle,

Since the moaentum loss 1in going through the shield was
about 4.5 SeV/c for muns whose momenta rainged between 8 and
225 3eV/z, D was not always well defined. Instead cf pz, We
used pipf, where the subscripts mean before and after the
shield., The scattering in v is independant of that in x and
the same distribution applies. Since probability is
oroportional to exp(-x2/2), the XZ (chi-square) for a set of
disvlacements in x and v can easily be calculated. The
. total yz is just the sum cf the x and vy XZ.

If +three or more muons #ere in one event, the x2 test
3ssumed that th2 vertex was in the center of the target. If
only two muons were in the event, the vertex (im x and vy)
#as chosen to minimize the sum of the X2 for the two tracks.

The rTequirements imposed (shown in FPigure 4-5) were that no
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2
individual *rack have a X greater than 7.8 and that (in the
2
case of a3 two muon event) tha* the tozal ¥ be less than
2
7.8, PThe track pailr X distrcibution shown in Tigure.4-5 is
for pairs that survived the siaqle track cut (hence the knea
. .. 2 . :
at 7.8). Th2 solution for the nminimum Y (assuming a 2
position at th2 target) also gave the best gquess for the
*rack parameters (slopes and intercepts) of the ngpuons as

they left the target. Thesa newvw paraneters vwere then used

in calculating the event Kkinematics (miss, p , X , and
T

£

*

z0s6 ).
2

The effectivhness of the ¥X mnethod <can be seen by

examining in A4=tail two mass regions in Figure 4-1. The
2 2,

region from 2.7 GeV/cC to 3.4 GeV/c is mostly J/¥'s

o)
produced in the target. The reqion 1.4 to 1,7 GeV/c is

mostly J/T's nroduced in the shield. The factor of 2 shift
in the mass comes from forcing the vertex to be at the

target. If one allows the z positior of the vertex in the

2

vertex X minimization to shift also, Pigure 4%4-6 shows the
origin of these twc classes of events clearlyv. Note that

the low mass data set contains some real low mass events

2

+hat came from the taraget. Pigure 4-7 shows the X
confidense l2vel distribution for the +two se*ts of events

assuming they came fror the tarder. Because the shield
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events had xz's about 10 times larger than the target
avents, the shield events were all at very low ccnfidence
levels and so were easilv separated from the good events.
The cut at X2 = 7,8 corresponds to a coanfidence level cut of
2%, Also not2 *hat the flatness of the distribution for the
target J/¥'s 1indicates that our €formula represents a
2 2
legitimate X . Thus +*he X test can tell if an event does
not originat=2 in the target.

Finally, a check was m@made that the scintilla*or
counters actually pierced by thes muon tracks satisfied the
trigger roqguiraments (the dimuon and mass logic). This cut
was very effective 1in eliminating low miss eavents that
triggered the experiment due to extra scintillator hits.

Ths last two, and mnost obvious, 2vent ra2quirements,
that the muon pair originate in the target and satisfy the
trigger logic, accounted for almost all of the trigger
rejections., For the mass region of greatest interest 1in
this raport (M > 4 GeV/cZ), the target and 1logic
requiremants wer2 reasponsible for 97% of the rejections. Of
the remaining data above 4 GeV/cZ, only 15% was thrown out
for containing a team/halc muon.

Ye corrected for the rejection of good events by *the

above cuts by applying these same cuts in the Monte Carlo
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program that =2stimated the Adetaction 2fficiency of the

experiment.

The beam compasition was tagged by the four ‘tean

Cerenkov counters €, C , C , and C_ (see charter II).
2 3 ) 5

Sigrals from these counters, when in coincidence with a tean
timing signal from the beam defining scintillators, were
coun*ed with ~ZAMAT scalers. Also scalsd sware various
coincidences bhetween the counters, The Cerenkov counter's
thresholds were set just below proton threshold for all the
negative beam runs apd for the Ffirs*t positive beam runs.
For the second set of positive runs, CjAand Cu were se+ djust

below xaon +threshold. The resulting particle Aefinitions

Jyare;
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TABLE 4-I

Par<icle Definitions for the Zarbon Runs

¢ C C ¢
2 3 u 5
?Pirst positive rTun
+ +
Pi  and K 1 1 1 -
Proton 2 3 3 -

S2cond oositive run

4+
21 1 1 1 1

+

S o 1T ¢ 1

Proton 5 ¢ 0 0

Negative runs

P Zero or one counters on
Dj = not P

?or the metal target runs, the rates were too high for the
counters to vwork effectively, ;o all particles were simply
assumed to he negative pions.

The latched Cerenkov courter patterns from the <carton
runs (both positive and negative bpeans) were used to

calculate the efficiencies and accidental probabilities

qiven balow:
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O]

TABL

4-11

Zerenkov “onnter Performance

Counter 2ff Acc

C .987 .037
2

c . 984 .17
3

C «977 008
4

Cc « 952 .12
5

From this, plus *he measured ratios of particle types in the
beam (s2e Table 2-I, Chapter II), the contamination of any
given particle taqg from other +types of particles can be
calculated. The xaon sample containe?d about 1% of both
piosns and protons. The positive pion sample cocntained about
a2 1% kaon contaminaticn because during <the firs+t positive
run kKaons w2r2 not separated ount. The other possible

contaninations for the positive beam were insignifican<.

iy

or the negative data, 1if an all counters of
definition for P 1s used, the expected contamination from
pions is .7%. If events with on=2 and only one courter on
are incluled in the sample the contamination increases to
2%, This second definition is the one we actually used.

A1l of these contamination levels ares smaller than our

srrorT in tha overall normalization and so will be ignored.
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Mormalization

The nornalization factor {NF =

picobarns /T event~nucleus 1) i3 given by the formula:

NF = A/{:\]A*d*t*BO*rl - e-t/L (Lt (4-3)
A = Tarqget atomic mass number
NA = Avogadro's number
4 = Tarqget density
+ = Target length

3
1L = Absorntion length for given beam and target
B3 = Inteqrated beam flux
Por +the various taragets:

TABLE 4-III

Target Properties

3
t (cm) d{gm/cm ) L{cm)
+ + -
D pi g P pi
C 31.16 2.20 36.6 50.1 58.1 3u4.2 48.5
Cu 15.24 3.96 14,8 18.2 21.2 13,7 18.4



ZXpressing NF as = D/B_, then:

The integrated flux (BO) useq was +*he measured flux (3)

TABLF 4-1IY

Target Normalization Factor D

[

(picobarns/ (event-nucleus)) * 10
_+ + -
D pi X i

ol
ie)
=]

q - - - 26,4 25,2

ul

times a correction factor k that took in to account various

known problems with the arraratus. The problems included:

(a)

(8)

TABLE 4-V

Mormaliza*ion Correction Factors
The computer's cccasional failure *+o reset the
CAYAC scalers after each event,
Tailure +*o count correctly th2 number of gparticles
in the beam when two or more particles were in one
heam bucket (This applied to the metal targets
only. The carbon runs vetoed such buckets.),
Short term probklem in the P hodoscope <trigger
logiz which <effectivelv turned off two of the 72
countars in the bank,

Recons+truction efficiency.
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The magnitude of the corrections used were:

¥ote: Item (C),

the Monte

T

Ly

correction,

1

. 897

Then

B
n

.936

{in

TARSIT

Cu

. 988

in parts of th= analvysis,

11
10

pb/{event-nucleus)) are given as:

TA

BLE U=V

particles

I

Fvent Norralization Factors

IO

C

433

.0388

96 .8

1

1.0

of problens

L+
? D1
B 3,22 1.45
m
B 2.89 ]O 30
a
NF 1.57 3.71
Error .15 . 30
Bac3use
negative runs, the
Instead, we used

3. 07

1. 28

.13

with

measured B

t he

re

a

sults

2 p
016 3.
.015 3.
290. 3.
200. .

the bean
for ©

of Aubert+

Was

)

sSC

was

included 1in

Carlo efficiencies ins*ead of as a normalization

and NP (in

alers on the
unreliable.

al., and set



B (P} = .5 * .35% of B (pi ),
m m
The errors in the normaliza+tion were set at one-half of
the guadrature sum c¢f the difference from one of the
correztion fac=ors in Table 4-vV plus 2 104 error for the

Monte Carlo Aand other effects,

The ¥on*e_ Carlo Prograi

The acceptance of the exparimant was investigated using
A Monte Carlo program. The program functioned by generating
2 set of evants with sone kinematic parameters fixed (such
as mass, xf, pT) and others randomly selected fsuch as thLe
rotatinon of the plane of the event about the bear axis).
The path of +he m@muons in each generated event was traced
through the program's model of the apparatus. The number of
tries that successfully sinulated a good event divided by
the +*otal number of tries was then takan as the prohability
that such an event would he dztected by the apparatus. For
each set of fixed parameters, 1{00 tries were made or enough
s0 that the oroportional error on the final probability was
less +han 10%, which ever was larger,

The molal of the apparatus used included the effects of
mul-iple scat=ering and enerqgy loss (with fluctuations) in
the various materials in *the experiment (iron, air,

scintillators, atc.). ilso included was 3 detailed
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description of the trigger logic. These two sets of
effacts, multipls scattering and the trigger 1logic, were
very important in determining if an event would succeed. s
a3 *est of the importance of the mul*ipl2 scattering, a set
of events was ganerated vith all of the same parameters as
the actual events with masses > 4 SeV/cz. These events had
only a 75% average probabilitiy of success. (ie ran one
hundred tries for =ach event.,) Since the acéeptance for any
evant inside our kinematic range was generally between 10%
to 40%, this tast shows that the chance scattering of the
muons in an even* had comparable effects on the acceptance
as 4id the actual kirematics of the event.

As a vprogram check, two separate Monte Carlo prograps
vere independently written and their results aqreed,

A second check, for internal consistency, was made on
the effect of the mass logic cut. The mass logic cut was
set at one of two values for aost of the experiment, either

2 2
13 (about .75 3eV/c) or 25 {about 2.8GeV/c ). {See
Appendix A.) The <carbon target runs were done at 13, the
metal targets runs at 25. The differences in the efficiency
for the two cut values were well understood for masses akove
3 GeV/c2 and no problems were encountered, Figure 4-8 shows

this by comparing tke cross section at the J/9% as a function
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of xF for the carbon data in which the same set 5f data was

ot

cut firs+t with the logic set at 13 then at 25. The ratio nf

the cross sections as a function of x_is clearly consistent
f

with 1.2 and independent of xf. The total cross sections
agree to within 1%, (There 1is a 22% differnece in the

actual numbar of events.)

In t+he mass range below the J/%¥, the situation

[& N

eteriorated badly. Fiqure 4-39 shows the crass section

g

atios as a function of wmass and xf in the region 2. < % <
2.7 3eV¥/z . 1In this region thea proportional change 1in tha
efficiency (for a cu+ at 25) can be 15% t» 20% or mors in a
2
mass interval of only 157 HeV/c . Modeling this <change
adequately with the Monte Carlo would have required breaking
this 1interval into many small mass reqions and calculating
separata efficiencies for each, éather than using this
expénsive and cumbersome solution, we empirically derived a
correction formula that changed the Monte Carlo efficiency
so0 that ths c¢ross ;ection remained the same in going fromw a
cut of 13 to 25; The corr=action factor was a function of
both mass ani XF' The cross section ratios with the
corrected efficiencies are shown in Fiqure 4-9, Below 2.0
2

GeV/c , nn attampt was made to calculate zcross sections for

the n1metal *argets, Tt should be repeated +hat these
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zorrec*tions were only used on the da*ta below *the J/U. They
were not needed above this mass.

Monte Carlo events were generated according to several
different schemess. In the first case, events were dgeneratad

at qrid points 1in mass, xf, and pm space and in mass, xf,

x
and cos® spaca. The distributions used for the randonm

variables waere either obvions (such as a flat distribution
for the azimuthal angle about the beam) or arrived at by a
bootstrap method combined with intelligent first gquesses.

quu:es 4-1) (mass vs xf), 4-11 (xf Vs pT), and 4-12 (xf Vs
cos® ) show various slices through these grid spaces. As

¥
can be seen, exceot for <cosB , the dependence of the

efficiency 1is slowly varying over the kinematic region of
interest.

In the second scheme, th2o test events were generated at

x

t+he same point in mass, xf, pm, and cos® as the 20€) actual.

high mass events, This second set of Monte Carlo pcints was

unsed in the pion structure function analysis reported 1in

Chapter VI.
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The measured mass resolution at the J/7 is given helow.

TABLT U4-VII, Mass Resolution

Bzam/Target FEH!(&eV/cz) 13 ss shift(MeV/cz)
p/C 329 15
pion/C 3139 12
pion/Cu 3190 23
pion/Y 399 27

The above nuabers were found by fitting a Monte Zarlo given
shape to actual data. The Monte Carlo indicated that +the
mass resoution was proportional to the mass, The resolution
measured in the <carbon data was only slightly improved
{abou+t £3%) by the use of the target countar ipformation (see

p)
Chapter TI). Given the loose dependence that the ¥ a=sthod

ot

hi1 on ha exact target position (on the scale of a 4"
target block), as shown in Pigure 4-56, only a spall
improvement was expected. N

The Monte Carlo was also used +t5 <calculate <he
resolution in xF and pT. The resolution 1is only slightly

mass depenient.
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Table 4-VIII, xf and P Resolu=ion

b
a

Sigma Shif=
X £ J2 « 202
£
pm(>13eV/c) 280 ¥eV/C -3) MeV/c
p_(=)) - 139 MeV/z
T

The shifts wers large at small pm because there was only one

direction for shifts to occur.

Backgrounis

There were two main sources of background signal to be
considered: (a) secondary‘production {ie, dimuons produced
fronm the interaction of hadrons that were themselves
produced in the target) and (b) muons from nanccrrelated
sources (such as pions decaying in the drift space bhetween
the target and hadron shield). The lack of an effect fron
secondary prodnction can be seen in the production of J/¥'s
in the zarbon target. Figure #4-13 shows the ratio of dani;’

£
for J/W's from the first and third target segments. If
thare were secondary production, the extra events would show
as an excess at low x in the third target segment. HNo such
aeffect is seen, the X for a constant value being 9 for 9
degrees of freedom. The lack of an effect is not surprising
because the J/J! production cross section rapidly decrecases

for seconlarv particles with momentum less than 1090 3eV/c.
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See Figure 4-14,
Sources of uncorrelated nuons woull be expected to

produce like-sign muon nairs almost as easily as

17

opposite-sign nairs. igure 4-15 shows, the likxe=-sign

e
~NW
‘a3

spectrum z2bove 4 SeV/c in mass 1is aiout 1% of tha

opposite-sign spectrum, In this region sources of
uncorrelated auons can be ignored. BRelow the J/V nass,
however, the like-sign background was important. Fe

correc*ed the data for this by simply subtractiny out of the

data an anount egual to the like~sign componant.



91

:lli[('ll]llUUITTII[IIIll[llIlrlllellIITIITII[TIIIIIIIllllIITlT‘[

- ﬁ*+w—#p+x -

1000 -

, ~ RAW DATA ' Ny
7))
—

a C DATA AFTER - n

10 =

¥ B T

B N

I 1 llllllllllIIIllllllllllilLllll[llllllILlLLLLlLlJ].lllIIllILII LLt

10 20 30 40 50 60
| MASS (GeV/c?)

;iqure 4-1. Event spectrum for the tungsten datavbefore and

after the bad trigqers vere renoved.



Muons

{0

10

10

92

IR AR R R R A R R LR AR AN R R A R RN R R R R N L R R R A A
- -
pu -
= -
e -
o ——
- -
ad L
- -t
C -
P -
- -
s =
ad -
o -
— L

[
w[ITENSII NSRRI SINVACEIEREIE NNV ISINIININ NI ITIRRIRIRETIY

S50 00 150 200 250
MOMENTUM (GeV/c)

piqure %-2. Yomeatum spectrua before aad after bad triggers

were resoved. After the cuts, the two spectra (for & maons)

vere essentially the sanme.



T VI IT I I T T[T T [T IT T[T [T T1]

- PuxR

To)

P 1 el

Lol

10° -y =
o [ B
o - -
= |
= _ - -
L)
) .."‘00‘.0
o T
-
B

paptlir b eee et e et ol

2 4 6 8 10 12 14
GeV/c X METER

- Fiqure 4-3. Halo muon cut.




9%

LA RN RRARE AR AN N AR NN AR R NI NN RRRNINRRREIRLAI

® CUT .

103 . -
.:"' L 3
p=°

Tz

%
e 1l

Muons
T T TrIvrg
| I |

L
U
|
(o))
e
Q
Ck_f:
»
©

10

T T TV

peadeeplv o adeveobepaedaetebesrplosolosaptepae bospalanny

{
-300 =200 -0O0 0 {00 200 300
' GeV/c |

Pigure 4-4. Beam nuon cute.



L
w

Ouu _
Tji

1 N ‘Oﬁzu LI LB N L I
10*:|cuT e ]
At H10°%k =
e - : j
e | 1 E ;
o - -
: = -
= 103: = I
- - 7
- -
. - 0% b
! I ]
10k 1 [
-;Illlllllllllllllll’lllr 404 [N VO I O T U I MO |
10 20 30 420 0 5 402 15
TARGET X . TARGET X
FOR ONE LINE FOR TRACK PAIRS

. 2 .
Figure 4~5. ¥ that single tracks and track pairs came from

the target.



400

<00

TARGET EVENTS

96

| H
B TARGET

10
Z OF VERTEX (METERS FROM

T +W—=y+X

I ,Jll / Ly

T +Fe—Y+X

9

Figure 0-6.>Pitted Zz position for

target and shieli.

LI I 20 N N - I DN A A O NN N R N S Y I

L 'y l

| L]IRON :

4 200

=

J/q's

SHIELD-
L 0

8

CCM)
produced

1 100

in

SHIELD EVENTS

the



FRACTION OF EVENTS IN MASS REGION

97

{0 LARAREAAEREE RN LA EERRN AR EARAS RERE NRAREN RRRE]
i

IR ERR
(AR

o +W—r+X
Lty
- +Fe—~ Y +X
-4 L.;Lvu:

L

CUT

| ;

T rire
AR

L
{

-3 '
1() IRRABERNENE SRR AN NEE RN IR REN A AN SN SRR A NNNENENEN]

O 2 4 6 8 1.0
CONFIDENCE LEVEL

2
Pigure u#-7. Histogran of the X confidence level that events

vere generated in the target for events that came from the

target and from the shield.



7]

1.4 ——T——T—T—T— T
| T-+C~J/Y+X | T-

_ler by -
) \I:é PSS XX ] 1]

Piqure U4-8, Ratio of the cross sections for J/J events as a

function- of xf for mass logic cuts of 13 and 25.



99

14—

— 1 T 1 1]

NISEANETE

t;? s . ']E EE' E{ -

13\\:3 6__§E }E _

. e uncorrected -

s ' ° ol ocorrected . _|

I | I | 1 ]
20 22 24 2.6
— MLt (GeV/c?)
a4 0 b b '&'_
AoF —%—%—1}-% {- —9)--
R SN
\\\“_ er }E , o ‘
10| 5¢ euncorrected ]
bile ocorrected T
© 2 . -
RTINS N SR NS SN NN S AN B |
0 2 4 X ¢ 6 8 1.0
THC LK
2.0<ML[1< 2.7 GeV/c?

Pijure 4#-9. Ratio of *the cross sections for events with 2 <

® < 2.7 GeV/c at cuts of 13 and 25 ba2fore and after the

~orre~tiosn t? ths Monte carlo is applied.



100

EFFICIENCY CONTOUR MAP
P, =0,MASS LOGIC CUT=I3

2.0' \k'o\ﬂ
\;
3.0- .30
40
e 5£)r
O "
<
> 60k
38
8 N
< 70
2 N
| e.oL—
90F
100ca02 05 .10 .20 .30 .30 |
-} O 1 .2 .3 4 5 6 7 .8 910

Figure 4-10. Contour plot of the acceptance as a function of

mass ani xf.



101

. )(f |
Mpp=5.0
~ontour plot of the acceptance as a function of

Figqure 4-11.

x and p_.
€ T



lue

cos 8%

I | L | I ] [ l I
10 0o .2 4 .6 .8 10

X¢
| Mppe= 50

Figqure 4-12. Contour plofmof the écceptance as a functioun of

*
x and zos93 .
£



1u3

2.2
1.8
14

1.0

RATIO BLOCK3/BLOCK 1

T +C—~ J/P+X

FLAT X% DF=9/9

T

L

1.0

FPiqure 4-13. Ratio of the cross sections for J/§ events

produced in carbon target blocks 1 and 3.



lue

-3l
1073
-32
- 10
(@) -
@
o ——
= 33
C - p—
~ 10
o~ »
-
o -
-34
_ O 1077
bl > s
ol T
m -
O -35
bl ¥
3| i
M
-36
10

AV BNL REF. lea
" OM SERPUKHOV REF. 168

A
v
. | O ®@ FNAL ~rEF. 6
7 O & FNAL REF. loc 7
% |

X ® ISR REF. 10D

' DR I R SR N S S

Pigqure 4-14,

enerqy.

10 20 30 40 50
vS (GeV)

Dependence of J/J production on center of mass



105

o
S

L 1 urund
T T UTTTT0]

103 3
o : -
- i }
P 2'
S 10° 3
L 3 =
L i
x |T I
‘w |0 = =
28] 3 ~
s . =
= - -
prd - [

10°

C
T Cu gL X, X

1 oriesanl
T T T

N
@)
o
N
»
@)

7.00

Mpp (GeV/c?)

Fiqure 4-15, Like-sign background compared to opposite-sign

productiosn.



Chapter V Distrihutions

. S et e e e e e i e s e e i S i o

INTRNODUCTION

[ )

This ~haptar oresents the data in the form o
different%al criyss sectinns and gives <the results of
selacted fits to the data. In vnarticular, fits are given to
projections which involve only one kinematiz paraneter. The
nex* chapter (VI) continues the Adiscussion of the data in
the frameworx of the Drell-Yan model,.

For tha x and p dis¢tribhutions, the data have heen

£ T

1ivided into several mass regions. The reqgions, and the
synhols used for each in the graphs that follow, are:
Table 5-I, 1ass Regions

1.5 To 2.9, open triangleas
2,0 To 2.7, solid sguaras

2.7 To 3.5 (3/7), open circles
3.5 To 4.2 (P"), solid triangles
4,2 To 5.2, onen squares

.0 To 6.5, s0lid circles
«5 To 8,9

.0

To 11.0, solid diamonis

, oven dianmonis

0

In the *ables given in this chapter, <+the error on a

number is given directly below that number in the table,

*iqures 5-1 throuah 5-7 show the mass spectra (in
2 2 .
=m /(32V/7 )/nucleus) for the 1ifferent targets and particle

types anl for xF > 2. In the pion spectra displayed, the
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2 2
bin sizes change fronm 1J3) ¥eV/c wide for M < 5 GeV/c to
. 2 2

200 HeV/cz for 5 < M < 6.8 GeV/c  to 322 MeVyc  for
> 6.8 GeV/cz. Fiqures 5-8 through 5-13 give the pT
spectra for various masses, targets, and beams. The graphs
show d(f/(ppoT). The actual pr distributions (ie, without
tbe l/p’r weight) go to zero as pT goes to z2ro as shown in
Fiqure 5-14, Figures 5-15 through 5-26 show the xf
spectrat Two sets of xf graphs are shown, one for dvydxf
and the other for Ecmd<r/dxf. Though the fits to Ecmd v7dxf
generally have a lower x2, the dv’/dxf cross sections are
shown so that the x distributions can be usead uithoutvhaving
to nnfold the P, dependence (through the definition of Ecm).

The tables in Appendix B (page 224) give

cm cn 2
[E /(27p )14 o/(dx _ p dp ) for the J/V and ¥' for p,
max £ T T
+ -
pi , and pi Dbeams., Also included is a list of high nass.

——— —— ———— e

* The x usad h2re is defined as the momentum of the pair

parallel to the beam in the beam-target center of mass
divided by the maximrum allowed momentaun, The maximunm
momentum takes into account the need to divert some of tke
center 2f mass enerqgy into a final state haryon and the rest
mass of the pair. This definition allows x to reach 1 for
any mass. The next chapter on the Drell-Yan model, howe ver,
uses the mass independent definition of x in which the
maximnm momentum is siaply half of the center of mass
anerqy. The center of mass definition assumed that the

+*arqet was a single nucleon of mass ,938 GeV/c?
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2 -
eavants (> 4 32Y/c ) by target, £for the pi b2am, giving

mass, X , D andl weiqghted cross section (nb/nucleus) for

h
3

Table 5~I1 gives the measured <pm> and Table 5-ITI

2 : :
gives <p >. Th2 spectra were fit to two forms. First, for

T
pm > 1 3eV/c, the fit (Table 5-1IV) was to A*exp(-3*p ), and
P T

second, for all p , the fit {Table 5-V) was to

2 2 12

A*2xpl-B (p The second form was used in order to
T

+
]

e
.

model *the flattening of the spectra at low ¢© while
T
retainingy the exponential fall off at high p . The results
T
of the second class of fits are shown on the qraphs,

Tables 5-VI and S-VII give <he fits J2f +the X

3
distributions to the form A(l-xf) . For all fits at low

mass (K 2.7 GeV/cz), the xf fits were only done for xf > W2
because the large subtraction of like-sign rcackground that
was neelad tn a2xtract the vield below xf = .2 male the Adata
less statistically precise. The restriction of the fits to
high xf was als> applied at all masses to the pion data

becaq se the actual cross sections seenad *0 he flatter at

lowv ¥ then the power law fit wonld imply, especially At the

£
J/F.
Table 5-VIITI gives the to*tal wmeasured oross section for
X > 7 for various masses. Separate <cCross sections are
=

L
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renorted for resobance and continuum production at the J/7
and ', 1As shown in Fiqure ©5-27, +he region around the
resonances was fi+ with a power law backjiround to represent

th

[{’]

continuum and a Monte Carlo suggested line shape f£or the
J/% andi T'. Th2 integrated results of ths fits are given in
tha tabl2. 3RBecause the fits were not exact and hecause the
tails of the resonances extended beyond the mass limits, the
sum of resonance and continuum did not always equal the

total cros3s section for the mass region,
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Table 5-1IV

Fits +o d @ /(p_dp ) = A exof-3%p 1
-2 2 -1
A = nb Gev C nucleus
-1
3 = GaV¥ o

Beam/ Mass Region
Target

1.3 2.9 2.7 2.5 4,9 5.9 6.5

2.0 2.7 3.5 4,0 5.0 6.5 8.0

-+

ri /C
A 558, 255, 755, 4,80 3,12 ==== ===-

289, 128. 120, .32 2.81
B 2. 99 3. 1g 2. UU 1.7’:‘ 1.79 - - - hadndhadi

.33 .31 .07 .09 .62

2
X /DF /16 13,9 27/22 9.5/6 1.1/4

Pi /C

& 414, 316, 711, 26.4 12.2 2.68 =-=--
126, 106. 5. 8.2 5.6 4,48

B 2.67 2.95 2,34 2.46 2.54 2.25

.19 .22 .04 .19 <30 1.11

2
X /DF 2019 12/8 65/22 8/8 5. 1/6 3/3

Pi /Cu
A ---- 1392 260C 122. 36.6 59.5 ----
511 419 47, 12.9 43,5
B 2,75  2.18 2.48 2.13 2.25%
"

22 .01 .13 .19 W47

2
X /DF 1416 71725 25724 6/1C T7.4/8
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2
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Tables 5-V
. 2 2 1/2
Fits to 4 g /(D dp )y = A exp(-s[p + ]
T 7T T
2 -1
A = wicrobarns GeV ¢ nucleus
B3 = 3eV c
= GeV/c
Mass Region
1.5 2.0 2.7 3.5 4.9 5.9 6.5
2.0 2.7 3.5 4,9 5.C 6.5 8.C
1.02 13.4 22,2 98,5 ,0736 ==== ~==-=-
.71 9.6 2.9 114, ,2931
3.1 4,24 3,18 1.22 1,72
.35 .26 .02 .30 .30
Q.42 1.35%5 1.63 1.23 2.96
. 29 . 14 24 .30 .52
16,25 13,13 35/31 18/1) u/8
N.85 32.2 Q93.4 0,54 .01V1 .23023 ----
.32 4¢C. 37.9 .38  .013 .(Cn51
3.92 4,15 3.42 3.1) 3.89 1.87
.13 .34 .08 .21 .20 .83
Jd.40 1.85 1.92 1.58 2.26 0.9
.11 0 22 . 17 .17 .22 W22
27/28 13/12 33,735 23 /12 &/13 12742



pi /Cu

A -

)

A _————

2
X /DF

23 /25

122¢C
192

4, 15
. 08

1.77
.U

25727

115

Table 5-V,

56.6 11'3
9.1 5.5
2.85 3,49
.02 14
.63 1.89
.02 .11

38/34 4433

421. 27.4

68. 20.5
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Table 5-VI
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. -1 -1
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¥ass Region
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1.61 1.80
.23 27

2.3/6 4,4/3

7. 04
1.14

1.57
. 14

15/13

52.4
9.6

19/13

2.84

.63

1. 31
.23

1/6

15.3
3.1

4.5/6

1.39

11/6

6.14
1.39
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. 15

3.3/6
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e 27 $ 23
5.4/9 14/9
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45/16

118

Tahla 5-VI,

4523 129.
752 22.
2.25 1.41
.U « 37
39,14 25 /1t

322, 5.52
32,

4.32 3.27
o 27 . 34

2¢0,
56.

cont.
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N
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<33

8/190
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80.

2. 18
.15

7712

Takle H-VII

. cn 3
Tits to E 4 ¢'/dxf = A(1-x)

A = nb 5eV (xc unit) nacleus
i

Mass Region
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UL
[ X5 ¥
o
[ L ]

Ui

218, 1149 28.97 B8.65 ==-=
36. 126 5.7 3.65
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. 22 .06 .21 .55
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208, 1150 31.4 13.2 6.26
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. 12 .04 .13 « 29 26
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221 923 423, 14.9 8.3
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Mass

1.5»2.0

2.0»2.7

2.7>»3.5

J/7

J/9 cn*

3.5»4,0

!]'

2.04
.23

0.96
.23

0.53
.12

Table

5-VITI

Total Cross Sections

(nb/nucleus,
pi pi
Cu 9
122, 1375.
22, 62,
433. 1359
a4, 216
335. 1300
61. 200
21,1 72.7
3.“ ]3.'
15,1 54.3
2.5 3.7
8.85 30.5
1.863 4.9
5.55 19.9
.97 3.6

X > 0)
£

0.61
o lu

0.32
- 19

(@]

ol

92.)
64.3



Tabhle 5-VIII,

4.9>5.0 92.73 1.29 &6.81 2
.23 .21

&=

[ ]

—

e}

¥ g
N

5.0» .5 0.14 0,40 3.06 11.7
.4 . 09 .59 2.0

6.5»8.0 .J4%1 .291 0.48 2.9%
021 .928 .14 .71

83.3>%1,  .,22) .)64 D.28 1.84
.020 .033 .10 .48

cnt = zontinuum in mass region

0

cont.

.33
.97
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A _Dependence

Tha2 dependence of the pi cross section on the atomic
. - . o A
anumrber »f the target, paramaterized in the fornm aha , is

~

shown 1in TPiqures 5-28 through 5-30 2as a functicn of

differant kinematic parameters (rass, p , and xf). Tho
T

errors include the systematic errors listed inm Zhapter IV
for the normalization, The cross section in the various
kinematic intervals was well represented bv the power law
dependenze as shown in Figure 5-31,

Figure ©5-29 shows the dependence of < on p at

T
various masses. A systematic rise of & with p 1is seen in
b il
the J/¥ interval but not for the regions apbove or below the
1/7. Similar rasults have been reported in othar inclusive
- . 19 - « w4

hadron production experiments, particularly for »i~ induced

18 . e e .
J/7's. Piqure 5-3) shows no significant variation in «
with xf. The mass dependence (with X > J) of &« shown in

- - - 6

FPigqure 5-28 includes previous mneasurements at lovwer Rass.
Th2 main feature 1is a rise in <« with mass, reaching a
plateau of &« = 1,12 + .05 at masses above th=a J/7T. A
siailar platean in o has bheen obsarved in the proton

6,22 . . .
data,' shown for comparison in Figqurs 5-32, although there

tha plateau valae is 1.232.



Using the measured atomiz mass nuaber Jdepzaandence for
tha poi data, +*the different *arqgets ware conhined to give

per nuncleon cross sections. The combined mass sSpectrun is

. ' ‘ 2
shown 1in Figure 5-323, The continununm 2above 4 Ga2aV/c was fit

b
aM . The uansilon rejion was fit as =2

H

to the form deo/iM

2
380 MeV/c (the width calculated by the

Jaussian of a

m
Monte Carlo projran). The result was b = 5,6 * .35 and
B < = .4 + .35 pb/nuzleon. This gives a $§5%

unsilon

confidence limit of B Gy < 1l.4ob/nucleon for incidjent pi at
225 GevV/c. The sensitivity of this result can be coapared

to the reported limit on proton 1induced ursilons at 232

2

52V /c. In 3 1.0 SeV/c wide mass reqgion, we find
. .. a u

B 93¢ /continunm = .4 + .4 while Yoh et 1l.,

report .1 + .1,

an]

n 7igure 5-34, the mean transverse momenta for pi
induced evants Wwith xf > 9 are ploted versus pair mass.
Data from other measurenents are shown for compariscn. The

2
4 3eV/z , where 1t

mean nm increases with mass up to 4
reaches a plateau value of approximately 1.2 GeV/C. A
similar plateau was seen for the proton iaduced ‘Jata of Yoh

at_al., but at 2 value 200 ¥MeV/c lower., 2roton induced Jata

from our exveriment also exhibits a lower <Kp > at ¥ = 4
T .



3eV/c . The dependence of <Dm> on xf is displaved in Piqura
5-35 for several intervils of palr mass. ithin
unzertaintias of ¥ 100 MeV/c, no variation of <pT> with X_
is observed.
X Depandence

Tha xf snactra for hoth pions and protons (again see
Figares 5-15 through 5-25) show a steady flattening in xf as
the mass increases. The change in the fitted opower with
mass 1is fairlvy monotonic, except for some of the fits in
which the J/9 xf dependence is somewhat steeper than the
mass regions helow 1it.

At the J/¥, Wwe also have xf distributions for P and K+
heans. The P Aistribution resembles the proton distribution

+

whereas the K 1ooks somewhat like the pion data.

A detailed treatment of J/F production will be
iiscuss2]l] in the thesis of Kari Karhi of The University of

Chicago. The higqh mass data 1is best discussed in the

framework of the Drell-Yan model, the subject of the next

Polar_ (Halicity) Angle Distribution

Th2 final Xinematic parameter of intarest is the polar
ingle. This is Aefined as the anqle batween th2 positively

chargqed muon and some vector D measured in the rest frame of



£} m pair. 1 th inilati 2action showa in i
*he muon pair In the arnihilation r2action howna 1in ur

D

1-2, onz should use the gf collision axis as D. The gz

o

collision axis is Just the hadron collision axis in th=
tnaive' Dra2ll-Yan model in which o» = Q. o we ver,
™ .}
Te,quacs
axperim=2nts have shcwn that auvnon pairs, and hence the the

cnlliding guarks, have large »p . Aoreover, because the

reaction progresses through an intermediate one-particle
state, information is lost concerning tha momenta of the

quarks, In oarticunlar, the p of the individual quarks (and
m
i

thus direction of the 3§ axis) cannot bhe deduced from the
kinematics of the final state muons. GSGeonerally, one triss

to get around +this vproblez by defining B in terms of the

1

direction of the hadrons that contain +hs guarks.
Thaore are s2veral different ways to define D in terus
of the heam (D ) and target (® ) trajectories in the
hzan targat

pair rest frame, Some componly used direc+ions for P ara
shown in Figure 5-34 and 2are defined (in terms of uni:
diraction v2stors) as:

=P (t-channel) (5-1)

heam

= P u-channal
target ( )

= P + B (s~chapnel or recoil
bean target

channel})

=D - 9 {Collins~Soper) .
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These various directions are all the same when the p 's of

the guarks {and +*thus of +%he p@puons) are zZero. The

21
Zollins-Soper angle was proposad to give the a best guess

of P for p # J by assuaning the p comes from the tw guarks
m T

in 2qual amounts,

Th2 Adistribution of the polar angle has hzen examinad
for *he mass regions 2.0 < 1 < 2.7 GeV/c“, 2.7 <€ M < 3.5

2 P
GaV¥/c  (the J/V), and M > 3.5 GeV/c . Th2 iistributions are
shown 1in Figures 5-37 +through S5-42 (reproduced from +*he
thasis of Cathy VNewnan) Wwith their baest fits “o

2 % . . .
1 + \ cos 8 . Results of the fits are given in Table 5-IX.
The continuuam r23ions above and bpelow the J/F show strong
* F 4

iependence on 3 regardless of the definition of & used,
whereas *he J/9Y data 1is consistent with a flat angular
iis+«ribution.

Because of the 1indeterminate source of the pair's o

T

and the possitle dependence of the productiosn mechapismp on
P, it shoulld be noted that we see no significant

T

differences in the polar angle distributions for saaples

i

with p < 1.0 32V /c versus p > 1.9 5eV/c. See Pigures 5-41
T T

Tha mass devendence of these dis=zributions reflects a

cl2ar changa in the underlying production mechanismns for the



J/J compared with the <continuunm. Indieed, the <continnunm

{

results ave <consistent with the prediction of { = 1 in th

Drall-Yan moizsl where two spin 1/2 fermions annihkilate into

a 1 intermela*a stata,
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Table 5-IX
HELICITY ANGULAR DISTRIBUTION FITS

Angle Flat | 1+cos26* 1+Acos26*
x2/DOF x2/DOF A x2/D0OF
2.0 < M < 2.7 GeV/c? |
s channel 77.5/9 15.7/9 1.10£.16  15.3/8
t channel 67.4/9 15.7/9 11 8.8/8
u channel 102.5/9 34.2/9 1.72¢,22 22.4/8
Collins-Soper 79.7/9 25.6/9 1.14:.17 25.0/8
| I .
s channel 19.0/9 240.0/9 .03:.06 18.7/8
t channel 36.7/9  101.0/9 .33+.06 2.2/8
u channel 12.3/9 ° 131.0/9 ,09+.07 10.7/8
Collins-Soper 7.0/9 212.0/9 -.10£.07 4.7/8
M > 3.5 GeV/c2, all py '
s channel 32.3/9 104.0/9 .05£.10  32.0/8
t channel 49.7/9 11.1/9 .82+.15  9.8/8
u channel 47.8/9 17.7/9 : 1.31£.26 16.2/8
Collins-Soper  44.6/9 | 6.6/9 1.30%.23 4.9/8
M > 3.56eV/c2, pr> 1 6GeV/c
s channel . 11.7/7 25.4/7 .16+.19 11.0/6
t channel 30.4/9 15.8/9 i .65+.17 12.4/8
u channel 29.4/7 13.7/7 1.42¢.39 " 12.5/6
Collins-Soper 36.4/9 1.2/9 1.47+.32 8.8/8
| Muu‘> 3.5 GeV/c2, pr < 1 GeV/e
s channel 13.1/7 . 11.9/7 .50+.22 7.4/6
t channel 26.0/9 3.3/9 1.05:.24 3.3/8
u channel - 28.2/S 12.6/9 1.11£.31 12.5/8

Collins-Soper 31.6/9 12.6/9 ' 1.17#.29. 12.2/8
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Tha other cl=2ar prediction of the Drell-Yan model, as

ment ioned in Chapter I, is tha+ the cross section ratio of

+ -

pi to pi 1incident on an isodoscalar targst (such as carhon)

should go *o 1/ a+ high mass. Figure 5-U43 shows +he
The

measured ratio as a function of pair mass for x_ > .

ratio is consisten* with unity at the J/V, as expected for a
. L 2 .
stronq protuz+tisn mechanism. Above 3.1 32V/c the ratio
falls toward 1/4 as predicted.
Because the 3ata indicate that the J' is not produced
- . 0 .'+ --
with the same cross section for pi and pr. , a small {3%)

correction was calculated and applie? to the J/VU ratio %o

*ake 1into account <+the unequal contributions fron the

+
rasztions piT™ C » ' > J/P + anvthing. This correction was

hased on our nmeasurement of total ' onroduction and the
22
neasured branching ratios.

Th2z so0lid curve on the graph is the predicticn of the
Dr211-Yan mol=1l using the pion structure function derived in
the mnext chanter. The shape of the curve, however, is nmnmore
sensitive to the assumed shape of +he nucleon sea. Here we
have us2d1 the s2a given by the Columbia-Formilab-Stonv Erook

4

2
collaboration becaase 1t 1s measured in a 7 r=23ion closer

to our own than are the fits basel on the deap inelastic
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scattering experiments. (The curve shows a clear dependence
on which sea is assumed and +the CFSB s=23a fits our data
best.)
Tha ratic of pi to proton cross sectinn, with its rise
2 - - .
to over IC) at a mass of 10 3eV/Cc (see Fiqure 3-34), is

also in Aramatic aqreement with expectations, (The proton

results

W

re froa Yoh, et 3l.)

Thr 1last two sections on the production ratios and
polar angle clearly indicats that the data are in good
agreement wi*h *he Ddrell-Yan model. The implication then is
that thes mod=21l ~an be applied to the data to deduce the piorn

s+tructura function. This is 1iscussel in the next chapter.
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