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ABSTRACT

We present 2 maximurr likelihood analysis of ionizetion
infermetion obtained from 3465 tracks with momentum
less than 2.8 GeV/c 1in the 33" bubble chamber =2t
Fermilab. The data were obtained from measurements on
SAtik, the semi-automatic CRT measuring machine at
Fermilab. we show that it is possible to separate
pions from protons up to a laboratory momentum of 1.4

GeV/c,



I. THTROGDUCTION
The data being nresented here were ogtained from 188 GeV/c
po  interactiors in the 39" hbubble chamber at Fermilab. The
events were weasured on SAMM, the CRT bhased semi-auteomatic
measurinag macnine et Fermliab.l Tracke were measured hy SAMM
in the slice-scen mode, whereby each erea of dicitisation is
raster—-scanned by & 16% spet of licht verpendicular to the
track. SAMin cenerates a harcdware histogrem of the track
signal ouring a raster scan. The value of the histogram at
tne signal center is & direct measure of the number of hits
on the track. Utilizino the ratio of the total number of
hits/sweeps per track. it is possible to obtain information
on the bubble density of the track on film. After three
view reconstruction, the bubble density/ view canl be

transformed into the bubble density in space, leading

directly to a2 velocitv estimate of the particle.

II. ESTIMATION OF B FROMl LACUNARITY MEASUREMENTS.
4
It car easily be shown that the velocity 8 of a particle is
related toc ite lacunarity {defined &s the ratio of misses to
total number o©of swveeps in the slice scan ) by tne feollowing

relaticon.

?. g' %
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ref) Lspace

vhere ! = lscunerity of track,



Lo = lacunaritvy of reference track

Lfilm lenoth of treck on film

= lenath ©of track in spece

L
gnace

M = pagnificatiorn from film to spece.

ine beeam track Dbeine minimur ionizing was used as the
reterence track for each view. Only those events with beam
track lenaoth greater then 1% cms were considereé for this
analysis. The three estimates of 1/52 from the three

stereo-views were averaged.
IT1I. HMAXIMUM LIKELIHOOD ARALYSIS.

In Figure 1, we introduce 2z plot of 1/52. estinmated as
described &ebove, versus 1/p2 for 211 tracks with laboreatory

momentuiw , o, less then 2.0 GeV/c. Since
= l+——2 {2)

particles of different mass, m. should lie on straioht lines
ol slope m2 and intercept 1. This is indeed the case in
rigure 1, with twe bands of points being visible clustered
around the proton and rpion lines. ‘There is no kaon band
vigible, indicating that there are few slow keons present.
Eech track, however, nad three helix fits attempted on it

{proton,pion and kaon) leading to three values of p. A

helix fit was entered into Figure 1 only if the value of m2



derived from it (usino ecuastion 2) was consistent with the
mass cdauared associzted with that helix Fit within errors.
In cese of ambicguitv. the one closzsest to the ascociated mass

sauared was used.

The proolem now is tc decide whether & track ig & rcroton
or pion from its closeness to the proton and pion lines.
The problem is however non-trivial since the likelihood of a
point Eeing a gilven distance away from either line is not
only a funétion of the distence but also of the momentum
spectra of the protons and npions. In the followina
analysis, we neglect the error in 1/p2 and assume that the
points in Figure 1 are displaced from their ideal lines by
measurement error in 1/32 enly. This is justifiable., since
the percentage error 1in l/B2 is much greater than that in
l/p2 . the ratio or the two beina typically of the order

"15:1.

By initially separating each set of bands into protons and
pions based on the distance from the ideal lines (the
minimum c¢istance method), it was established that the
momentum svectra obey 2 vower law, the power beinag dependent

on the particle type.



Let x denote l/n2 and v denote 1/82~ Let ¢ be the
percent2ae  of protors and YN be the totazl numrber of tracks,

Then the number of protons between x and x+dx is agiven by

iv_4Xx = Ne x X (3)

wilere Sl is a constant to be determined.

ang I(sl) = X ax (4)

bl

a,b are the lower and upper limits of variation of x taken
to be .25 and 16.6 (GeV/c) 2 respectively. Assuming that
the points are normally distributed in y with standard
deviation o, the likelihood that &ny given point is a proton
is given by
-(Y—Yp)2/202
Lp = up e (5)
 eng

-

wWhere y == l+m0£x (6)

§

mp = mass of the proton.

then

l"(bp) = zn(a/a)-slzn(x)—(y—yp)2/202~1n(1(sl)) {7)

ignoriro constant factors.

similarly,
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o was determined to be ¥.21 by senaratina the tracks usinc

the minimum distance method.

Ii zn(LE)>1n(L“) for a kreck tor & «gqiven @S, .8, that
track was declare¢ @ proton end zn(LD) was acdded to the
total log-likelihood functicn and vice versa. The net log
likeliﬂood was maximised with a,S;,S, as free parameters
using the program MINUIT.3 It was found pest to keep ¢ fixed
at €.21 and not estimate it from the data, since the prooram
tended to arrive at felse maxima with too large values of ¢

that turned most of the protons into pions.

After the maximum was reached, each track was oiven a
proton probability (defined as Lp/(Lp+Lw}] eand & nion
probability (L“/{Lp+L“)). Beperdira on which itc greater.
the track was declared 2 nroton cr a pion. The fraction of
tracks thus declared protons was found to bhe @.134¢. The
fitted wvalue o©of o wes §.13429.882. The two values are

identicel., indicatine thest the metho¢ is consistent.



Fivure 2 aives a scatter plot cof 1/32 vs. l/r.2 fcr the
tracks that nave Leen declared .pions by  the maximum
likelihced methee. Fioure 3(2) is a.Plot of the momentum
srectrur  of the protons with the fitted curve surerimposed.
Fiocure 3(b) is the corresvendina  figqure for piens. The
value c¢f Sl was found to be %.69:9.85 and S, to be
@.84+0.62. 'Thve the vrotcns tend to fall co¢ff slcower with

momentunr than nione.

Ficure 4 1is & plot c¢f the averaoe proton enc¢ nion
prehacilities &2s a functien of l/pz. For l/p2 >2.8,
corresponding tc momenta <7d8 “eV/c. betn the probebilities
are 1, indiceting that the seperation is complete below that
momentum. For increasing momenta, the meen proton
probebility falls faster than the mean rion probability.

This is & direct result of there beinc more w©ions than

rrotons.,

In Fig 5(s). we histoagrem the rrotcn probebility for beth
protons and opions below 788 dMeV/c. The proteons cive the
resk zt 1.0 ard the pions st ¥.6. Figurre 5(b) is the same
1ot in  the morentum rance ¢.7-1.2Z Gev/c. The proton and
picn wilstributiens now merae. Neverthelecss, the two
gisgstributicns ere still distinct and serarcticn is still

possibkle. r¢igure 5(c} showe the proten probabilitv 1in the



momentumr range 1.z ~1.4 Gev/c and Ficure 5(d) hetween
1.4-1.8 Gev/c. The absence of & clear proton peak in Fiqure
5(c}) does not imply that tracks witn proton orebability >5.5
are untrustworthy. Since for increaéing momentum, the pion
momentum spectrum rises wmuch faster than the proton momentum
spectrum, it Lecomes increasingly difficult for anv track to
heve proton probabilities near 1. The efficiency for proton
detection does hcwever begin to drop rapidlv ot this point.
In Figure 5(d) . the proton peak has vanished, being swamped
oy the-pion peak. This does not imply that there are no

protons in this wmomentum range, only that the errors in

measurement make their identification impossible.

10 concluce, we have carried out a maximum likelihood
analysis on ionization information measured by SAMM and
found that the seperaticn of protens and pions is reliable
up to a laboratorv momentum of 1.4 GeV/c. To separate
crotons from pions zbove this momentum would dJdemand more
accuracy in the lacunerity mweasurements. The method
cutlined above, being autoratic and computerised can be
expected to yield more reliable informetion , especially in
tne momentum rance 1.4-1.4 CeV/c then can be obtained by

conventional technicues usina the human eye.
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