BUBBLE CHAMBER LAB
Abstract
This experiment sdamines the branching ratic for the K- -sn-a-nt decay, the K-
meson decay rate and the interaction cross section for K- p* interactions. The
results, after corrections for systematic error, were as follows:
BR=987+-37% o=388+57mbarn and t= 1.41%108+- 2. 1*109 sec.

& acceptad values are: BR = 550%, ¢ = 35 mbarnand t= 1 2%¥1079 gec,

Introduction
The purpose of bubble chamber experiments is to study elementary

particles. A bubble chamber allows the experimenter to determine the charge
momentum and location of a charged particle as it moves through the
chamber. Armed with this information, and the conservation laws, physicists
szamine particles interactions. They can discover new particles by finding
peaks in reaction cross sections or by observing particles that result from
lecay and scatters but which do not behave like any currently know particle.
Thev can determine decay rates, branching ratios and interaction cross
sections by ezamining the frequency of certain interactions. Furthermore,
new conservation laws may be discovered as well as old ones discarded based
oft the types of interactions that are observed. All this information in turn
can shed light on the "Tundamental building blocks of nature” (if they are ever
found), and helps us understand the mechanisms by which the fundamental
forces are propagated

In our experiment we examined the interactions and decaysfora 1.5
Fev/c beam of K- mesons by counting the number interactions as well as the
auvmber of beams that were recorded on the bubble chamber film. The film
was recorded in the 25" bubble chamber at LEL, and the magnefic fisld in the
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bnbible chamber was 1667 T. We separated our counts based on the number



of charged particles that existed after the interactions. This way we were able
Lo distinguish between decays and p* K- interactions.
Theory

The theoretical areas of phiysics involvad in high ensergy nuclear physics
inctude quantum mechanics, quantum field theory, quanfum chromodynamics,
conservation laws and relativistic ¢c 'lu,lutl‘: In order to understand this lab
otly @ basic understanding of conservation laws, stalistics and relativity is
required. Since the necessary elements of these theories will be discussed
during the analysis and problem sections of this report, 1 will use the theory
zection in order to provide a basic introduction to high energy physics. [ will
[ocus on the strong and the weak nuclear interactions, since these are the two
types of interactions that are observed in this lab.

The world of elementary }:amclea 15 divide into two categories: hadron
and leptons. The hadrons are then divided into two subcategories, namely
baryons and mesons. Baryons are fermions and generally are the most
massive oI the particles. Included among them are the protof, the neuiron
and numerous other heavy particles. The mesons are bozons, and they include
the, pions, the eta particle, and the kaons which are the focus of this
s¥periment. Finally, the leplons are fermions, and are the least massive of the
particles. Included among them are the electron, the muon and the neutrine.

The interactions between hadrons take place via the strong nuclear
2 The mesons are in fact mediators for hadrionic reactions. Thedr
szistence was predicted by H. Tukawa 1in 1935 by making an analogy to
antum ¢lectro dynamics. For strong interactions, the idea is that the
interactions fake place via an exchange of particles. If we assume that the
exchanged particle has a mass m and a momentum p, then the change in

3 = o 0 [y 5T | - =
snergy of our system when the particle is created iz AE=+PTHMTT In order



for our system not to viclate conservation of energy, we use Heissnber:
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uncertainty principle to determine that the lifetime of the particle can be at

T = :'ﬂ.]'
nost 'a_"-E so that the range of the particle, and hence the range of the
A .. Tpg =
interaction i3 ¢ Assuming that p = ¢ and neglecting the kinetic energy of

the exchanged particle, we can in fact determine the maximum range of the
srong nuclear force to be e

During strong interactions, there are a number of quantities that are
conserved. Specifically, these quantities are ensrgy, mometitum, charge,

epton number, baryon number, isospin, strangeness, charm and parity.

The conservation of lepton and baryon numbers simply refers to the
conservation of leptons and baryons. Hence, a baryon is assigned a bary
number of | while an antiparticle of a baryon is assigned a baryon numbet of
-1. The assignment of lepton number works in an analogous fashicn

Strangeness was a property that arose cut of the fact that some
hadrionic particles decayed much slower than would be expected. Their decay
umes were on the order of 107 seconds rather than the ¢ expectad 107 seconds
It was suggested that these particles could only be created in pairs, 3 property
which was then described with the concept of strangeness

sospin is used to describe the fact that slementary particles ¢f a similar

cha

mass, for example the proton and the neutron, are in fact elements in

i Cn

rmutiplet which is separated by an slectromagnetic fisld. For example, the

nevtron and the proton both have an isospin I= 11@ but the proton iz in the
L i lI 1
state [;= +%5 while the neutron is in the I,=-%5 state.

Parity, which describes spatial symmetry, must also be conserved in
strong nuclear reactions. The conservation of parity essentially states that
interactions looks identical in the 7,z coordinats frame and in the -x-v -z

coordinate frame



Finally the traditional quantities like energy, angular as well as linear
momentum and charge are naturally also conssrved in strong interactions.

The other type of interaction that is of importance in this experiment |

Wyl

the weak interaction which describes the kaon decays: B = 0¥ The weak
interactions were discover in nuclear beta decays and are currently thought to
be propagated by to intermediate bozons. Epe-:in ally, these bozons are the
W*- and the I particles. The particle W*- is responsible weak interactions
where charge transfers taks place, and the 2°9 particle mediates weak interacts
which have no charge exchange. The range of the weak inferaction ¢an be

calculated by the same principles we used for the strong nuclear force,

thus the range is ° e where m is the mass of the intermediate bozons. The
intrinsic coupling of the weak interaction is thought to be the same as it is for
the electromagnetic force, hence the weak and the electromagnetic force are
considersd to be unifisd.

The conservation laws of weak interacticns are different {rom those for
the strong interactions. Specifically, the conservation of isospin (Al = 1,1/2),
strangeness (48 = 1,0), charm (AC = 1,0) and parity do not hold.

Finally, I would like to address the concept of resonances in nuclear

eactions. Resonances are peaks i in the cross sections of certain intsractions

If such
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at certain snergies a peak occurs, it can be inferred that a particles is
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being created at that particular energy level of the interacting system. These
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are used to detect the existence of elementary particles that have
dremely short mean lives. For example, a particles with a mean life of 1n*
zeconds moving near the speed of light will only travel 3*!1 Bm untit it

decays. Tracks of that size clearly are not detectable in a bubble chamber.



Bubble chamber

The bubble chamber is a device that is used fo detect charged particles.
The particle beam that enters the bubble chamber is prepared by an elaborate
32t of filters and accelerators that are used to create a beam of the required

particles at the required energy.

For the bubble chamber data used in this experiment, the particle beam
originates in a hydrogen gas chamber. The gas is passed through an arch
chamber which strips the electrons off the hydrogen atom. The resulting
proton beam is then accelerated through a Cockerott-Walton accelerator and a
iingar accelerator to approximately 10 Mev. This beam enters the the
Bevatron, a circulat accelerator, which accelerates the beam particles to any

where from 10 Mev fo 6.2 Bev. Once the particles have reached the desired
snergy, the beam s concentrated within a narrow beam width, and then the
peam is allowed to spiral inward toward the beam target. When the beam
strilies the target a plethora of particles is created which are immediately
wparated based on momentum with a magnetic field and a collimaftor. The
team resulting from those particles which have the desired momentum is
directed through a bending magnet which further narrows the momentum
spectrum of the bearn and a spectrometer which separates the beam particles
vased on their masses. Once the desired beam purity is reached, the beam is
intected into the bubble chamber.

The bubble chamber iz a closed vessel that contains liquid hydrogen at
2 temperature above its normal boiling point, under suificient pressure 50 as

o Keep the hydrogen in it liquid form. Just before the particle beam reaches

the chamber, the hydrogen is allowed to expand, =0 that for a fraction of a
zacond the hydrogen enters a superheated state. During this brief interval
the bteam enters the chamber and small bubbles form around the charged



particles. A picture of the chamber is then taken which records the location of
fhe bubble tracks created by the charged particles. After the picture is taken,

the hvdrogen {5 comprassed so as te eliminate all the bubbles, and the entire

Procedure
The procedure in this lab simply required us to examineg 500 [rames of

bubble chamber film, recorded in the 25" bubble champer at LEL, searching
for any reactions that took place in the bubble chamber as a result the
meoming bearns of particles. Specifically we were looking for kaon decays and
Interactions between the incoming kaon beam and the protons in the bubble
namber. These reactions, along with with a count of the fotal number of
beams that enfered the chamber were recorded and used as the data for the

subsequent analysis. One of the major difficulties in scanning bubble chamber

film is the fact that certain camera angles tend to make it appear that certain
particles reacted when in fact their paths were sitnply on a line perpendicular

Lo the photograph surface. This problem was allewiated by taking pictures at
Jdifferent angles so as to preserve three dimensional information about the
particle tracks. In order to take advantage of this fact, the film viewing
squipment allows the user to look at all three picture angles, and also allows
the user o superimpose the pictures. Finally it was also necessary o select a
fiducial region, a region in which we would accept good events. Choosing such
a region increases the accuracy of our observations because it helps you filter

out events that may have been triggered by particles other than the Kaon

Data and Analysis
To begin with et us understand how the data collected in this

experiment can ke adjusted in order to account for our scanning insfficiencies.



say that:  the number of events counted by Ted is: T

the number of events counted by Rainer is: R

Ted's efficlency is: Er
Rainer's efficiency is Ep
total number of events that occurred 0]

-

the total number of events counted by Ted and Rainer: X

T*N Aol mise
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To solving this for Er, Ep and N we get:

X +R+T
ER="""7 7>
-X +R+T 2

ET=
N =

R
R*T
A+ T+ER
Nobe that in this analysis T and R are the number of ¢orrect events that we
observed. o if I (R) observed an event which turned out not to be an actual
event, it was not counted when analvzing our efficiency. Furthermeoere, this
analysis assumes that all the events detected by both of us, X, are actual
svents which are also classified correctly. (ie. | prong events aren’t mistaken

o be 3 pronged events. etc )

Nowr breaking down our data by type of event:
40

Oprong events: X =39, R=29;, T=37, Eg=73% Er=98.1%; N =
| prong events: £=98;, R=491, T=493 Ep=925%% Er=945% N=98



= prong events: I =155 R
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4 prong events: X =10, R Qo%, Ep=100%F N

1
s
1

Total number of events:

X=313% R=282; T=305 Ep=90.1%, ET=974% N=73l14

Finally, we counted 492 +- 222 tracks/S | Frames

In our subsequent calculations, we always use N the corrected number of
svents that occurred.

3) The Branching Ratic

The number of three pronged events that occurred are escentially equal to

the number of E- - I~ avents We detected 11 such events, and since

T:

wie detected 109 | prong events, the branching ratio is:

BR=11/109=10.1%+- 3.7%

UL!

We should note that decays and interactions can be recognized by the
number of charged by-products. By charge conservation, a decay must have

an odd number of charged by products, while an interaction has an even

number of charged by-products.

In the calculation above, we only included statistical error, the calculation of
which will be discused in the error section and the error due to the
measurement of the length of fiducial region. We note that the currently
accepted value for the branching ratio is 559 +- 032% which means that we
are off by one and a half standard dewviations. As we shall see later, even if
we incorporate the systematic errors we will not be able to account for this

lizcrepancy. The only explanation than which we found for cur result was



that the filtn which we used may e one of those 1:20 cases which lies on the

two o boundary of the gausian distribution

4/The beam attenuation due to scattering:

Ny'p
The number of protons per unit volume is: &
N *p*o
_A T
3¢ the scattering cross section per unit area is: A
3 N J*p*o *#dxl H Fp¥otx (M *p*s #dxi
AN = —?Il—A_| o mN=-—APTE oy N * expl—tt " 7
l i [ A I A f

For the attenuation due to the decay, we note that:

dt dt
g PP fak rl:\ _ dx
dN- = bl*—-‘_—— t?* i"[ now ifu— —_— *‘- il
. de | e W — M s dx |
4N = m} = ”'"3’3““*[ Fromyer|

[f we now assume that the two processes are independent, we have

{-x*N *p*o ¥
=} * -
H=H; ﬁxpt X e
5) The scatlering cress section and the decay rate:

The average number of K- present while the beam fraverses the fiducial

region 1s

. M ) M, pe N - N JFp*s
xN>=%+jnl~¥*dN = f*_,’nexpl—x;}:ﬂ kgl where ke= ?‘“—ﬁi‘?‘? ad =L —
0 that
.M 2 L#*H
y=—8% (L T« [1 “1+ L¥ke+ ke 5 L gt k| H- ket
| ‘kg + }n.g Pl

now if we assume a constant decay rate over the short fiducial reglon we

have:
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= % where AN, is the number decavs and

&My iz the number of interactions.

L*‘H ¥ AT b 2
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plugging in the numbers we have:
g = 395+ 5.7 mbarn

1= | 4TF10C +- 2 1¥10°79 sec

p =ymv to obtain yand [ since we need ¢fi we note that:

v = pe/me = 3.038

Mo =4823% AN,=109; ANy =20%; L =30cm;, p= 06Qor/cm.
The errors given with the values only include the stafistical error and the
2rror due to the measurement of the fiducial region.
The accepted values ars:

7 =35 mbarn (1)

r=12%109 sec (1)
We note that the statistical error already manages to account for most of our
deviation from the expected value in the case of the reaction cross section.
The high value for rmay be a refection of the same skewing of dafa seen for
the branching ratio. Both measurements point to the fact that there were

fewer k> 1Y decays than would be expected.

Error Analysis

Statistical error:

We already included the statistical error in our data saction, so

that this section will only briefly show how the error is calculated.



Given some value F which depends on a data vector X then the standard

[
cp=nt 3 {}6—-}1} oy
deviation of F iz 7 \6%3 |
0oWwW since we have '.,CIU.I].T'GHQ {stics in this experiment: t’_"llz _.,-'.'xi.

systemnatic efror:

1} Small angle scattering:

If the scattering angle between a K- and p* is small then it may

a) We will assume a worst case situation. Let us assume that we can detect

o reactions where the momentum transfer is such that the p* leaves a frack

of 1em, but can detect all reactions with a greater momentum transfer. 5o

l ¢m in the bubble chamber => 140 Mev/c (2)

b Nowr it sesme safe to assume that we can detect all reactions that have a
scattering angle which is » 29, so if we were to miss all the interactions that

have a scatier angle of < 27 then the resulting changs to the cross section

would he:

7088 | _ g g0 ¥ narn whers we need 03 = TOMBSEL Ly o)
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This is clearly an insignificant correction since it is by 4 orders of magnitude
smaller than the statistical error.
2)Small angle decays:

Some decays, in which the change in momentum of the resulting
muon, when comparad to the kaon, is small, may not be detected. [n order
to have a condition in which the change in momentum is at a minimum, we

AE8

u,;

sume that the neutrino from the & - 1% decay 15 emitted in the direction

[

opposite of the kacn. Then:



PK 5 F.i_l. - Fl*a and EK = EP * E'n

this gixl;r{.-_.g: I,EK' .j M"*- + P'“\"c'z - ME“T‘ + |P + F‘i}“kr"
p» = P_,\‘___!:Ivli- Mr'l'll

so that: 5 [AEK ¥ C$P§J

Substituting in the correct numbers gives:
Pp= 0759 GeV/csothat Py = 1.42 GeVic. [n order to see if we could

detect such a small changs in momentum, we note that if a 1.5 GeV/c

charged particle travels 10 <m, its displacement off the horizontal inn the

1667 T magnetic field of the bubble chamber is 35¢tn while the fmz,,g e K
gsponding displacement for a 1.42 GeV /¢ charged particle i3 36 cm.

Thus, the difference is .2 mm, which clearly is not detectabls. 82 0} Cuwm

To estitnate the error resulting from our inability fo detect certain

decays, we note that we fail to detect only those decays which have a deca

angle of under 29 (see systematic error #1) Since Kaons are spinless, their
decay is isofropic. Now a 20 angle in the lab frame corresponds to a 4

center of mass angle so that 4/180 = 223 of the decays are missed.

This changes our tto 1.44% 1079 sec and the branching ratic BR = 9.87%

i) There are naturally some errors dus to the fact that neither my partner
nor [ has perfect scanning efficiency, even for those interactions which we
pelieve 1o be ¢asy to detect. The sffects of this inaccuracy are compensated
for in the data used in the analysis (see Data and Analysis section). It should
be noted however that error resulting from our scanning inefficiency are
quite small.

4) Another systematic error could arise from the fact that, when a kaon
decays, it is no longer available to interact with the protons and, stmilarly, if
a kaon interacts, it can no longer decay. If we are to avoid this systematic

error, our analysis most take this fact into account. Our analysis in section 4}

Ricado



fails to do s¢, therefore we will estimate the resulting errors to our
caleulated values for rand o

cay that Py is the probability that a Kaon would scatter with a proton, while
the kaon crosses the fiducial region, if no decays were to occur. Similarly, we
will call Py the probability that a kaon would decay, while crossing the
fiducial region, if no scatters were to occur. In that case, the probability of a
scatter being observed if both scatters and and decays are occurring is:

Py = (1 - aPJ*F, and similarly, the probability of a decay if both effects are
being observed is: Py = (1 - bP*P, wherea+b = land a/b =P, /P, (a and
b are used to recognize the fact that a particle must either decay or scatter,
but that it can't do both.) Applying this analysis we find that we must adjust
our reaction counts in the following way (note we use the v rom part 2. AN,
= 1126, ANy, = 2066 Thisleadstoo = 39.8 mbarn and v = 1.28%10°8 zec.
Thus &g = 3 mbarn and At= - 06% 1079 sec,

5) Another systematic error consists of inconsistencies in our judgements on
which particles and which reactions should should be recorded. At it was
not always obwvious if a beam did in fact belong to the correct momentum
range and particle t'_-.-’pe. or if the beam crossed a large enough part of the
fiducial region. An estimate of this error is based on the fact that Ted an |
disagresd about whether a kaon particle was to be counted toward our total
team count about once every second frame, so for about 5% of the count.

The reason this error is not self correcting is that we felt that we were much
stricter about whether of not to count a beam when it did not react. Hance,
we estimate that we undercounted the total number of beams by 2.5%. The
corrected beam count is then: 4944, So using the adjusted values from part
4) we get o = 33 8 mbarn and t= 1.41%108 The effect here is to have a Ac =

- | mbarn and Ar= 03*%10°8 zsec.



Questions
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x) The reason that it iz not feasible {0 measure the lifetime of a3 E- particle at

[y

rest is that the - meson would immediately be drawn into the nearest atom

I

nucleus. In contrast, the E* meson would clearly not e drawn into th

nucleus because of its charge and it would not react with the electrons since

the K* ¢ interaction ¢ross section is extremely small.
b) The special theory of relativity essentially makes it possible to study

particles with small life times since the lifetime of the particle in the Lab
rame is increased by a factor of v from what it is in the particle’s frame. In
our experiment y =

¢} We note that K* is the antiparticle of K- Comparing the quantum numbers
of these two particles we see that charge, strangeness and [ (the direction of
the isospin) change sign. In general, the lepton number and the baryon
number also switch sign.

2)

a) Since o = 39.5 mbarn and classically o =2 = r = 1.12%10"13¢m

b) From energy and momentum conservation we hw

mT4 IEE”HPC:" pE = m=202

¢) If we were to observe a resonance particle, that particle would have fo

"absorh” all the conserved quantities. Therefore:

K-meson  proton rescnance part.
Charge: = + y
Lenton gutniet: 0 i L
L

barvon nutnber: o 1 1
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Conclusion
After correcting for systematic errors our our results for the

branching ratio, the scattering cross section and the decay rate are .

o
—
I
(O]
[y

follows:

BR=987+- 3723 o0=388+57mbarn and v=141%108+- 2.1*10°% sec.
since the accepted value for the cross section is 35 mbarn, we find that our
value fo the cross section is well within the range of the accepted value. For
the branching ratio and the decay rate, however our values differ from the
accepted BR = 5 50% and t= 1.2%1079 cec by more than would be expectad
In fact, ER is off by slightly more than one standard deviation, while « iz off
by exactly one standard deviation. Cne possible explanation is that there
were to few & > 1V decays in our set of bubble chamber films. Such a
conclusion is consistent with the fact that both the decay rate and the
sranching ratio are too high. We note that such an sxplanation seen
plausible since our values differ from the expected values by about one
standard deviation which means than data skewed in the manner that curs

is, i3 o be expected 173% of the time.
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