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MASS RESOLUTION FOR THE REACTION IT + P - 'IT + 'IT + 7T + P� 

IN A HYDROGEN BUBBLE CHAMBER� 

David H. Miller� 
Purdue University� 

ABSTRACT 

The mass resolution of the 37T system, in the limit t = 0. for the reaction 

'IT + P - 31T + P. has been studied using a modified version of FOWL which includes 

traek errors. 

The best resolution in the 3rr mass is obtained by measurements of the three 

outgoing pions. The resolution at 50 GeV /c using only the recoil proton is not better 

than 80 MeV te2 
. At 50 GeV /e and track lengths of at least f meter. resolutions of 

2� 2 l
10 MeV/c and 20 MeV/clean be obtained for 37T masses t GeV/c and 3 GeV!c re

spectively. Therefore, a chamber with length at least 80 in. can do 4c physics at 

the se momenta. 

A larger chamber, e. g., 25 ft (or 12 ft) while giving similar resolution. has 

many advantages. These include the flexibility of targets and H - Ne mixtures to
l 

pick up electron pairs, longer track lengths and the ability to maintain good resolution 

to much higher momenta. It is important to provide measurements of the beam track 

angles external to the chamber. 

I. INTRODUCTION 

The diffractive process rrp - 7TTTTT P is expected to have a cross section of a few 

hundred microbarns in the 50-100 GeV / c region. It will, therefore, be a reaction in 

which good statistics can be accumulated in a bubble-chamber run. The calculations 

below obtain the 31T mass resolution in this momentum range. 

II.� RESOLUTION FROM RECOIL PROTON 
2

At momenta of 5-10 GeV/c resolutions of 5-10 MeV!c can be obtained for sys

tems recoiling from a proton, simply from the angle and momentum of the proton. 

This resolution is obtained in a restricted four-momentum transfer region. At low 

recoil momentum, the inaccurate angle determination destroys the resolution. and at 

higher recoil momenta. the proton does not stop in the chamber. 

We can write for the reaction 7T + P - M + P. using the recoil,
x 
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2 2 M = (E - E ) - (P'IT - -pp) 2 
x 'IT p 

2 2 
=m +2m +2m (E - E ) (1 ) 

TT p P 1T P 

- 2E E + 2 P P cos 8.
'IT P 'IT p 

The three variables we will use are P1T' P ' and () where the subscript 1T refers to the 
p 

incident 1T, subscript p to the recoil proton, and 8 is the angle of the recoil proton to 

the incident 1T. Assuming these variables are independent we can write 

2)2 (2)2 ] 1/21 oM 2 ) 2 2 oM 2 oM 2 
(2)2M 6 (6. P1T ) + opp (~pp) + [) (cos 8) (zs co s 8)

[( P 
1T 

( 

~ 
For any particle we have E r.Jp- + m" and 

dE p 
dp = J 2 2 =~, 

P + m 

so 

2� 
6M -- - 2m {3 - 2E f3 + 2p cos e ( 3) 
OP1T p 'IT P TT p 

2 
oM _ 
~p - -2m {3 - 2E {3 + 2p cos (J (4) 
up p P TT P 1T 

2
6M

( 5)o cos (} ::: 2PTT pp. 

The first term in Eq. (2) is proportional to ~PTT' and its contribution to ~M will scale 

as P1f for fixed momentum bite. The second term depends on 2E (cos e - f3 ) which 
1T p

is rather insensitive to P ; in addition ~Pp is small. The third term is proportional
TT 

to P1r and, therefore, also scales as the beam momentum.. In particular, in the 

Jacobian peak region where the second term is zero, ~M a: PiT and will therefore be 

at least eight times larger at 50 GeV / c than at 6 GeV / c. If we stay in the region 

where the proton stops, and has a track length greater than one em, the largest term 

is the third term involving /)" cos e = sin e/),,8 . 
2For stopping protons b.(} varies from about 10- - 10 -3; in fact, p/),,8 is 

:::: 2 x f 0-3 GeV-radians. This gives for the contribution to /)"M from angle measurements 
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~M x 
M 

x 

PTf -3 
::: M2 2 x 10 

x 

::: 10% for PTf :::: 50 cev t«, M ::: 1 GeV fe
2

. 
x 

This gives (~M ) ::: 100 MeV!e
2 

for the case chosen. ~M cc f!M so the resolution is 
x 

better for higher masses and worse for higher momenta. 

The first term of Eq. (2) involving 6PTT is at most a few MeV for 6p'!T ::: 0.1% 

and is, therefore, not important. The middle term can be made arbitrarily small by 

using the region 

cos f) ::: ~ m_p + E rr ~ 
P ( P , 

1T 

which reduces Eq, (4) to zero. In any case this term is less than 1. 0 MeV for 

PTf ::: (50 ± 0.05) GeV Ie. 
The recoil proton in hydrogen is therefore not a good way of determining masses 

although visible recoils give a very accurate determination of the four momentum 

transfer squared. 

III. RESOLUTION IN MA8S FROM MEASUREMENTS OF THE THREE PIONS 

An independent way of determining the 31T effective mass is to determine it from 

the momenta and angles of the outgoing tracks. In order to determine the resolution, 

a study was made using a modified version of FOWL. 1. Events were generated in the 

311' ems and Lorentz-transformed to the laboratory, corresponding to zero four

momentum-transfer squared. The angles and momenta of each track were then mod

ified using the error formulas of Kraemer and Derrick. 2 The errors in ~() and 

6p!p were calculated using the formulas and then multiplied by random numbersgaus

sianly distributed. The mass resolution was then examined as a function of E (the 

setting error). H (the magnetic field), and L (the track length). It was felt that the 

error formulas, particularly for long tracks, would underestimate the errors. 3 For 

this reason floors of 5 x f 0 -4 and 2 x i 0-3 were used for the angle errors and D..p!p 

respectively. It is not hard experimentally to reduce errors to this magnitude and 

these probably represent pessimistic values if care is taken. Table I shows values 

of (oM) for various values of H, E, and L. These are all for M ::: 1 GeVand 
xrms x 
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2 
p = 50 GeV l c, A lower limit of (oM) = 11. MeV Ic occurs because of the floors on 

n x 
the errors (principally those in the angle errors). The best resolutions therefore 

give a full width at half-maximum 30 MeV Ic 
Z

. For a chamber with E = 75~. this 

resolution is achieved for fields> 30 kG, even for track lengths of 1. meter. This 

shows that a 2 -meter chamber could provide useful physics at NAL in the 50 GeV I c 

range. Table II shows values of oM for a three-GeV resonance with p = 50 and 
x 

100 GeV Ic both with and without angle floors. The increase in mass worsens the res

olution from M = 1 Ge V I c 
2 

by a factor of 2. 
x 

2
Including floors the 100 GeV/c results indicate (oM) -30 MeV/c so that full 

2 x 
width at half maximum -75 MeV Ic . At this point the resolution is such that the 

physics would be marginal. The results with no floors give an absolute lower limit 
2 

on (oM) - 10 MeV l e at 100 GeV l e, 
x 2 

It should therefore be possible to achieve resolutions in the 15-20 MeV/c 

range providing systematic errors do not intervene. It is crucial to be able to make 

use of long track lengths in the 25-foot chamber to reduce the errors. In particular, 

if fluctuations (turbulence etc. , ) in the chamber exist, there could exist floors on the 

angle errors which could not be reduced by increase in length. 

Figure 1. shows for H :: 40, E = 75fJ.. curves for the unbalance in the transverse 

momentum which is important not only for oM but in distinguishing 111'0 events from 
x 

4c events. These curves do not include the unbalance due to the incident beam which 

hopefully can be defined by the optics or counters external to the chamber. The angle 
4

of the beam needs to be known to 1. or 2 X 10- rad; this is near the multiple scattering 
4

in the beam window which may be i X 10- rad. 

In order to study further the resolution of different chambers,data were gener

ated using the conventional error formulae with no floors. 4 The resolutions obtained 

at momenta of 50 and iOO GeV l c for resonant masses of 1, 3, 5 GeV le
2 

, fields of 

20, 30, 40 kG, and setting errors of 75, 200, and 500 microns are tabulated in Table III 

and shown graphically in Fig. 2. The se data probably represents the best estimates 

of the resolution obtainable. 

If we assume that the three setting errors chosen are reasonable for the 80 in. , 

12 ft, and 2S ft respectively we can make direct comparisons. These comparisons, 

shown in Fig. 2 J indicate little difference between the i 2 ft and 25ft with the 80 in. 

significantly worse, particularly at the higher masses. Either of the larger chambers 

give acceptable re solutions up to tOO Ge V / c. 

Angle Errors 

The angle errors are the most important contribution to oM for many of the 
x 

results shown. For a three-body decay we have 
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where (). is the angle of particle i to p. Therefore. 
1 x 

where PiT = transverse momentum of particle i. Therefore. 

If we evaluate the radical in the 31T eMS. we obtain a factor 2/3 from the angular part 

2 
For M =:1 GeV/c

x 

4 2
(oM ) :: 22 o() which using the floor of 5 x 10- gives oM :::1:1 MeV 1c . If the 

x -4 x 
angle error can be reduced to - to. we would obtain oM - 2 MeV I c 

2 
. In this lat

x 
ter case ~p/p would also give a significant contribution. 

IV. TWO-METER CHAMBER 

A chamber which can give track lengths of > t meter with E - 75f-L and H - 30 kG 

can do the type of physics discussed at 50 GeV Ie. It is important that a beam to such 

a chamber should either have angular divergences of - 1 to 2 x :1 0 -4 rad or that beam 

track angles be measured with this accuracy external to the chamber. It is also 
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imperative that the running conditions. optical constants. etc. are known accurately 

so that systematic loss of resolution does not occur. The type of physics which can 

be done may well be limited to t vertex 4c fits . 

. I 0 0 dUnstable partie es such as A • K • for example. have mean ecay distances of 
t 

about - f meter at 20 GeV l c, This not only reduces the probability of observation but 

also the available track length. Similar observations apply to other strange particles. 

Both in and A 0, L ambiguities will be very hard to disentangle. 

and this will severely restrict the analysis of some interactions e. g .• from K 

beams. 
o o O 

, nn events, 

It is possible. however, that for example the proposed configuration of a 145 -crn tar

get inside the BNL 80-in. chamber surrounded by neon could provide fruitful results 

at NAL. 

A 2 -meter chamber would produce worthwhile physics at NAL on a film format 

capable of being analyzed with current equipment. 

V. LARGER CHAMBERS 

The 25 -foot chamber is better than any other chamber in its resolution and 

ability not only to do 4c physics but multivertex events and with hydrogen-neon con

figurations to measure electron pairs (i. e., providing E s 500Ii). For high-mass 

resonances, it will be important to be able to pick up 'ITo,S from the subsequent decay. 
o

Cascade decays through lower resonances such as 'flo, w , for example. may be very 

common and will provide a great deal of information about the resonance providing one 

can pick up the associated electron pairs. Similarly in Y"- decays the ability to dis

tinguish A. L,0 ambiguities and to pick up ifO,S is crucial. The 25-foot chamber would 

also be able to analyze reactions to 100 GeV Ie or more. This is providing the long 

track length available can be used to minimize the errors and that fluctuations in the 

chamber do not spoil the inherent resolution. 

Similar comments apply to a 12.-foot chamber with field> 30 kG except the upper 

limit on momenta is somewhat lower. 

The flexibility of configurations. e. g .• H-Ne mixtures make the large chambers 

much more attractive for a wide range of physics than a 2-meter chamber. 

VI. SUMMARY 

Bubble-chamber runs in hadron beams will provide useful physics in the 50-t 00 

GeV l c range. In addition to the particular example discussed other 4c physics can be 

done. The chamber will also be useful for studying decays (using hyperon beams). and 

surveys of interactions in these high-energy regions where new features may well 

occur. The larger chambers can cover a much wider range of physics and are 

-38 



4 

-7- SS-102 

superior to a conventional two-meter chamber (providing E s 5001-1 for the 25-foot). 

A two-meter chamber however can do adequate physics in the 50 GeV / c range and 

would be a very useful tool if the 25 -foot were delayed more than one year after turn

on. The rf beam should provide the ability to measure the beam track angles to 10

radians, either by the beam optics or counters. 

I would like to thank G. Asocoli and G. Kalbfleisch for many helpful discussions 

on this topic. I would also like to thank G. Kalbfleisch for providing the version of 

FOWL used. I am indebted to R. Abbott for his help in running this program at 

Boulder. 
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2 2
Table 1. Values of (5Mx)rms in MeV/c for a Resonance of Mass M = 1 GeV!c

Decaying into 31T'l S at 50 GeV/c. x 

Track € (Setting Error), fJ. 
L ems 75 200 500 

(oMx)rms 

100 16 25 45� 
200 12 1.8 25� 
300 1.1 14 15� 

H =20 kG
400 11 13 1.4� 
500 1.1 11 1.3� 
600 ii 11 12� 

100 12 18 35� 
200 11 13 1.6� 
300 11 12 13� 

H = 30 kG
400 11 12 12� 
500 11 i1 11� 
600 11 11 11� 

100 11 14 32� 
200 11 12 15� 
300 11 11 12� 

H = 40 kG 
400 11 11 11� 
500 11 11 11� 
600 11 11 11� 
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Table II. (oMx)rms in MeV/c 
2 

For Mx :: 3 GeV/c 
2 

H = 40 kG. 

Track E (Setting Error), j.1 

Lcms 75 200 500 

oM 
x 

100 2i 38 iOO 
200 
300 
400 
500 

19 
19 
19 
19 

21 
19 
19 
19 

25 
19 
19 
19 

P :: 50 GeV Ie 
With Floors on 
(~e) and sot» 

600 1.9 19 t9 

iOO 12 36 90 
200 9 i2 18 
300 9 11 12 p:: 50 GeV/e 
400 9 10 if No Floors 
500 9 10 i1 
600 9 fO it 

1. 00 38 80 120 
200 
300 
400 
500 

31 
29 
27 
27 

38 
31 
29 
28 

50 
38 
33 
31 

p:: iOOGeV/c 
With Floors on 
~e, b.p/p 

600 27 27 29 

100 24 60 100 
200 11 18 36 
300 9 11 18 P :: 100 GeV Ic 
400 9 10 1.6 No Floors 
500 9 10 15 
600 9 10 13 
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2 
Table III. Values of BMx in MeV/c Using Conventional Error Formulae 

With No Floors. P = 100 GeV Ie. 

Mx Lm 20 30 40 20 30 40 2'0 30 40 -H(kG) 

1 40 32 26 128 84 60 220 160 
2 16 12 12 34 22 1.8 76 52 32 
3 12 10 10 18 14 12 36 24 18 
6 10 10 10 12 10 10 12 10 10 

3 1 232 140 96 260 
3 2 60 40 34 136 84 68 236 148 
3 3 40 28 24 60 48 38 136 80 60 
3 6 30 24 20 32 28 20 52 34 28 

5 1 244 184 
5 2 116 76 60 270 172 1.24 300 
5 3 68 46 36 128 84 60 260 172 124 
5 6 44 36 34 52 34 28 76 54 42 

P = 50 

1 28 20 14 68 42 36 172 116 84 
2 14 10 10 20 1.4 10 42 26 18 
3 10 10 10 14 10 8 22 16 12 
6 10 10 10 12 8 8 12 10 10 

3 1 1. 08 72 56 300 180 124 
3 2 54 36 30 68 52 40 180 116 80 
3 3 42 30 24 52 34 28 80 48 44 
3 6 30 26 22 32 26 22 38 26 22 

5 1 220 140 112 252 
5 2 84 60 48 144 92 68 200 148 
5 3 64 44 36 80 50 46 144 84 72 
5 6 44 30 28 46 32 28 60 38 30 

E = 751-l E = 200f.! E = 5001J. 
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