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_../\.,,PROGRAMMES AT CERN. 

B. Renne 

l. Introduction. 

A series of FORTRAN programmes ( ,.,_; 40 su.brou tines) have' been 

written at CERN in cl)nnection with the analysis of Al-' cahdidates in 

the T8 experiment (Interaction of 1.5 GeV/c K- in the Ecole Pclytech-

nique heavy liquid chamber). 

A v0 is noted as a A/' candidate ·(..A..-+ P + f'- + Y') if 

a) the negative particle stops arid:has an electron at its end, 
b )) fkti< IJ "- p11.u i 6/e. Ot-1'311>1. o( ~~ V 0 i"_ . 7~ e t (111. r.t be-v 
·C The.re is no kink along the· negative track greater than in advance 

established momentum dependent ·values (Six'· criteria; e.g. (4° for 

lft = 207 MeV/c), (50, :160 MeV/c),(10°, 
.· . 0 

79 MeV/c),(15 , 56 MeV/c)). 

The last condition eliminates about 87% of all normal lamb'da 

decays (.../\. 4 P + 7f) where the piOn decays in flight. It leav·es, how-

over, those normal lambda decays, wher., the inuori is emitted muoh for-

ward or backward in the CM system ·of the pion~ The total number of 

../l.;u candidates, defined in tl1.e way above, is''abotit 4'00 in all the 

collaboration. 75 % of' the events have been ahaiysed by. the.· programmes 

described below and the remaining 25 %'have b'een analysed by a slightly 

different method used iri University C~llege, tendon. 

Most of the .Af candidates are expected to be normal lambda 

decays. 

In the first seriruof programmes we investigate if an observed 

..A.r candidate can be explained as a normal lambda decay (Section 2). 

It is without any hesitation necessary to investigate how effec-

tive these testprogrammes are in recognizing normal lambda decays, 

where the 11 true 11 values of the measurable quantities have been subject 

to changes owing to different types of measurement errors, multiple 

sea ttering stu. · 
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We have written a Monte Carlo programme, which generates normal 

lambda decays (Section 3). Ths momenta and angles of the decay par-

ticles are changed in such a way, that the new events are hoped to 

simulate 11 measured oar.didates". The efficiency of the testprogrammes 

is investigated by means of those generated e'Tents. 

The artificial lambda de0ays are also useful when investigating 

some types of possible background events, i.e. normal lambda decays 

which by)an.:_r.ccide~1n 'hnpper:l uo sini.1late A11 events. In section 6 we 

estimate the background due to normal lambda decays where the pion is 

scattered very near the production point. 

Some uf the true Ar events (if we have any) wL'.l of course also 

be eliminated by the test programmes because they can be explained as 

normal lambda decays. The detection efficiency of A~ events has 

therefon to be determined. To be able to do this we have written a 

Monte Carlo programme, which generates true . .A.I' candidates (Section 4). 

These ar• sent through our test programmes. 

2. Test programmes for Aµ candidates • 
• 

A Al' candidate (measured or generated) is sent through two 

different systems of test programmes. 

In the first one we assume that the lambda direction is known 

and in the second one we investigate the lambda without using the 

known direction. We can then compare the efficiency of the two methods. 

We make two further assumptions in the analysis. First we assume 

that the pion decays after a range, which is greater than 5 mm. This 

means that the measured direction of the negative track is identical 

with the direction of the piun. Afterwards we assume that the pion 

decays immediately at the production point, which means that the 

negative track is due to the muon fr om the pion decay. 

PS/4245 
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Before we start to describe the progrDsnr;ws we want to make clectr 

two other things 1 namely the input _qu~ntities and the method to cal-

c~late ~rrors in derived quantities, 

2,1. Input quantities. 

/ ' 
\ • l ... .,,.~ ' 

Fig. 1 ,, 

The foll0wing 8 quantities (with errc,rs) a.re assumed to be known 

for each event: 

where ), and If' are dip and azimuth crng;les respectively. Pf-< is cal-

culated fron L (Fig. 1) assuming thµt the rrnon starts in M. 

One prograrnme ( DIPFI) calculates AA and lf.J\.. with erro.2-& in 

case the coordinates of A and Mare given. 

(1) 

If 1\ and lA can not be derived, we test the hypotheses J\ T.A_ 

described below, where the 13.mb da direct ion is aE;sumed to be unknown 

(Tests 3 and 4). 

PS/4245 
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2,2. Calculation of errors. 

In mnst cases w~ want to find out how many standard deviations 

an event disagrees from the explanation normal lamb dn. decay. '11he 

event might be measured or generated. We have, howe-rer, the 8 11 mea-

sured 11 quantities (m.) with errors ( er.). All wanted quantities (y.) 
l l ~ J 

are calculated. We then vary 11 measured variables with a Monte 

Carlo programme (RANDOM) assuming that eyery onG is normally distri-

buted around the measured value with the given error. 1.Ve replace m. 
l 

by m1. + a. (]"".., where a, is taken from a table of rctndom normal 
l l l 

standard deviations storecl. in RANDOM. 

Eight new· sets of m.-values are generated (always s~arting from 
l 

the measured quantities) and all y.-values are calculated for each set. 
J 

The error of each y. i,s derived from the distribution of the 8 new 
J 

values around the first calculated one. 

We do not all~w ~rrors in derived momenta t· be smaller than 

2 MeV and errors in derived ;rngles tci be smaller tha·n 1° (1programme 

ERROR). 

2. 3. Test of four hypo th es es _ _for norm,':ll lambda dee ay. 

The four hypotheses come of course from combinations of the 

assumption that the lambda direction is either known or unknown, with 

the assumption :\;hat the pio.'t decays directly at' the pr0duction or 

after a range which is greater than 5 mm. 

Test 1. Assumptions: 1) Lambda direction known. 

2) The pion decays ':lfter more ttcn 5 mm. 

In this case (Fig. 2) we know that the measured direction of the 

negative track is identical with the directi0n of the pion. 

We calculate and test the following fou~ quantities: 
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Fig. 2 
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' 
·' 

This should be less than 100 MeV/c fo!' a normal lambda decay. 

If· tbe >observed transverst momentum exceeds . the limit, we denote the 

excess, in units ~f standard deviations, by D~ • 

The three tracks have to be coplanar for a normal lambda decay 

and .we t.lterefon- expect '(3- to be zero. The number of standard devia

tions from zero is denoted 1?3· The dip is calculated from th~ formula: 

1,1 m/\ nA 

lp m n 
p p 

sin 13 -
lft m1"1 n.,., 

= 

J 2' 
1 - (~l + 2:1\ rnp + ~n) ·p .. p 

(2) 

wher.e li' = cos 

= cos 

n. = sin ).. . 
1. 1. 

and the lambQq direction is taken from M to A. 

The space angles between ,the lambda and each of the two tr:acks 

( W.11.P and W- ) are calc.ulated (programr1e SPACEV) 

(3) 

PS/4245 . 
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Using the meaoured proton momentum and the calculated angle W.Ap 

we calculate the direction of the pion from a normal lambda decay 

(programme PION). 

cot w 
Atr 

where M ::: 

A = 

= 

M2 
- I\ 

Ml 
p 

P cosw (M-2A) ± EfM2 - 4M2A' 
p :Ap p • A 

+ M2 
p 
'") 

+ 
p,,._ 

p 

2P A sin WAp 
p 

-
') 

)VIL , lrr 

2 
sin UJJ\P 

We C"Jxpect w_ to be equal to on8 of the two .solutions WJ\1t • 

(4) 

The difference between w_ and eacp of the two '-0/tn (in units of 

standard deviations) is denoted as D~1 Rnd D )( 2 • The smallest one of 

these two is den ,oted D)' • 

1 l ,!h~ _!!:O,!E;e~t2:!;m_of .!_h~ ~U_£n.!.. 

The momentum of the pion is calculated from the relation (pro-

gramme PION) . 

p sin UIA/I' ::: _ .... .P ____ _ 
sin W~ 

(5) 

·,. 
By letting the pion decay intJ a muon directly at angles of o0 

• 
and 180° we find (programme MUON) the maximum and minimum possible 

momentum of the muon. 

(6) 

If the measured muon momentum falls outside either limit, we 

calculate the di.stance to the nearest limit (D. standard deviations). 
@ 

A tested event is in good agreement with the hypothesis normal 

la.mbda. decay if o.11 the quantities Drl.. ,D11 1 D't and D $ are small. 

We denote by D1 the greatest one of these D-Yalues. 

PS/4245 
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Test 2. Assumptions: 1) La.:nbd..:=t directiC'ri ·known• . 

--:.! (\ 

2) The pion dee's.ya directly~ 

.~) 
Fig. 3 

The direction of the negatiTe track ls nnw identical with the 
. 

direction of the muon\ We do not observe the pion. 

We ~est the fullowing qumntities: 

Ji l Th.£ J':..r!};_n§_T_£r§..t .~.o.!eE,t,'!.!.m_of !_h_£ .E.r..£t!.~~ 

This is done as in Test i. 1 with the result D~ • 

fl 1,h.£ !!,Pac~ !};_rl.i,l~ i_W11µ..)_b_£t!_e_£n_t,.he_lam.£_da ~nd !_h~ !!1U£P.!. 

This angle can be calculated from the m~a~~red proton data, the 

' 
momentum ef the muon and the dip angle <13-) uf the muon relative the 

la.mbda-proten plane ( Eq. ( 2)). \rve hav~ done it in the fullowing steps. 

The pion direction is calculated from Eq.(4), and the pion momen-

tum is derived from Eq. ( 5), where w_ is now replaced by ~:n . 

We have two pion solutions,, (~111 ,·lJrDAtrl._) ~r:iid .(P112 ,lt{.,,2) • 

In Fig. ~· is assumed that the lambda decays in the paper plane. 

MC is the momentum vector o!" the deri\Ted pion. The muon from the pion 

decay must have a mvment 11m vec ter, which· starts in M and goes to. any 

puint on a momentum ellipstiid, which can· be derived, and which is 

.. 
shown in the figure• We want nuw to' fix the endpoint of. the muon mo-

mentum vectr:.r. ' 

, As we know the mag~itude of the mucn momentum, we can cut the 

PS/4245 
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' 

Fig. 4 

ellipseid and we find that the endpoint must be situate_d at a circle; 

the one with origin C' in the figure. This circle is.detGrmined from 

the opening angle ((J.Jnl'-) between the picn and_ the muon. 

2E E - M2 - M2 
71 }A 11 f' 

I (7) 
2 p71" 1;u 

The magnitude of the muon momentum has, however, -to be between 

the two limits given in Eq:.(6). If this condition is not fulfilled, 

we denote by D.f.il (pion 1) and D(l2 Cpiort 2) how many standard devia

tions eutside the given limits the:measured momentum is, nnd we further 

change the measured momentum to be equal to the nearest limit before 

we go on. 

We know the dip angle ·(j3-) between the observed muon and the 

lambda-proton plane. There are .. twc. points on the circle (B and B') 

PS/4245 
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for which the murn tracks MB and MB' will form the prescribed dip 

angle with the decay plcine. 

In order to get ctny solutL'n we mu,st, hrwever, have the condition 

~- ~ W fulfilled. If this is not the case for an event, we denote 
I " 1'rf' 

by D¥l (pion 1) and D{\'2 (pion 2) the number of standard deviations 

exceeds and we further put ~- equal to w 114 • 
The azimuthal angle (\fl ) between the lambda and the derived 

l~'fl. 

muon is Liund from 

I 2 -·.c OS /j 
(8) 

and the space angle w4 /-< is calculated from Eq.(3). 'Ne denote the 

difference (in units of standard deviat~_ons) between the derived 

angle UJJl..f and the measured one w__ with D611 , Dµ 2 , DSZl' and 

D~ 22 (2 solutions for each of the 2 pion 2olutions). 

An event is in good agreement with the tested hyp0thesis if all 

the D-values in one 0f the following four rows are small.(Each row 

represents one pcss ible decay) 
~·~ 

1) DJ.. D~l DH D$11 

2) D . 
.;., D(ll D 

)Q D,&12 

3) Dcl D,42 Del D~21 
4) D d. D~2 D 

~2 Db22 

We define the best row to be the one which has the lowest 

maximum D-value, and we denute this maximum value by D2 • 

An observed event is compatible with the explanation normal :;_ambda 

decay if either D1 or D2 is small. The smallest one of these are de-
" 

noted D12 • D12 is therefore thP number of standard deviations with 

which the best possible solution (out of up to 6 poss~ble) disagrees 

from the hypothesis normal l::rn1bda decay with the direction of the 

lambda known. 

PS/4245 
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Test 3. Assumptions: 1) Lambd3 direction uclcnown. 

2) The pion dec~ys after ciore than 5 mm. 

\ ~ 

Fig. 5 

' I l 

We know the proton momentum and the angle between the proton and 

the pion. We wn.nt to calcuLi te a.nd test the mornentun of the muon. 

From the momentum of the proton and the angle UJ we calculate 
f'Tr 

the mcmentum of the pion (prngr1.mme FREELA) 

where 

A 
2 p2 = JVI + p p 

i '1 

For each p1T 

the muon ( Eq. ( 6 )) • 

Cf"lS W 
l'TI 

I ') ± E v JVI'-- -
p 

2 ,) 
4M17 AJ 

we cn.lcula t e the maximum and minimum momentum of 

We compare the cbserved muon momentum with the calculated limits. 

If the ~bserved mementum falls outside the limits for both solutions, 

we donate by D3 the number of standard deviations to the nearest 

limit for the best solution. 

Test 4. Assumptions: 1) Lambda direction unknown. 

2), The piun decays directly. 

ive now observe the proton and muon momenta and the angle between 

these' particles. Starting from the two momenta we want to calctllate 

pcssible values 0f the opening angle .w • 
1(4 

PS/4245 
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Fig, 6 

The maximum and minimum possible value of the pic~p momentum can 

be calculated from both P~ rrnd Pp. 

From P fa we get 

l f 2 2 :::: - P (M + M ) 
2M2 ~ n f 

f-

I 
I 

(wi',)•bs 1- - - .. -

from~ 

From Pr 

! 

P.S/4245 

Fig. 7 

(10) 



From P we derive 
p 

(Pn) max 
min 

where 2 2 2 
M = M. - M - M .,... p 'fT 

c 

The pion momentum has t~ be between the greatest 

and the smallest (P17 ) .. = P (J:i'ig. 7). 
· m::i.x nnx 

where 

and 

We vary P17 between P . ond P and calculate 
min m1x 

61+-l 

(11) 

(P ) . =P . 
Tr min min 

(12) 

(13) 

(14) 

the' distance (z) 

between the observed opening angle and the nearest limit of the kine-

matically possible values (shaded in Fig. 7)~ 

The smallest distance z (measured in st ndard deviations) is 

denoted D4 • 

For a normal lambda decay we h::iv0 either D3 or D4 small. We denote 

the smallest one ,lf these v;i.lues by D34 • 

D34 is thus the number ,)f stax.dard deviations an event is from 

the explann ti on normal lamb dB. decay with the direction )f the lambda 

unknown. 

PS/4245 
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3, IvTonte Carlo programme giving normal lambda decays. 

A few or our rolls have been carefully-scanned for all types uf 

lambda decays and all ebserved lambdas have been measured and sent 

through GRIND. Momenta and cordinates of apeces for about 100 of 

these lambdas are used as starting vrilues in our Monte Carlo programmes. 

We have also used a sample (~50) measured in Paris. 

We ehoose an arbitrary angle ( w.A~ ) between the proton and the 

lambda in the center of momentum system of the lambda (programme ANGLE). 

(15) 

where k is a random number between 0 and 99; taken from a table in 

prcgramme RAND. 

The transformation from the CM system to the lab. system is done 

in the programme CMSLAB. 

VJ .. = arctg 
1.J 

where the particle i decays to j. 

f3cM == P1/E1j. is the velocity 

13~ = P~/E~ is the velocity 
J J J 

system. 

of the decaying particle and 

of the decay particle in the 

The momentum of the decay particle in the lab. system is 

!It- -~ 
,,. 

P. f3cM+ (3j cos w . . 
pj = . lJ 

l1 2 \ • 
- /ScM /3. cos w .. 

J lJ 

(16) 

CM-

(17) 

From Eq. (16) and (17) we calculate the direction and the momen-

tum of both the proton and the pion in the lab. system. 

This po.rt of the programme has been controlled in the following 

way. We generated 1000 lambda decays with a constant lambda momentum 

of 1 GeV/c, Different momentum and angular distributions of the 

PS/4245 
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generated events were plutted (Fig. 8) and found to be in excellent 

agreement with the theeretical distributions. 

c'· 

r'J:~ 
10 L1, 

,~· 
J-

,1: ! 17 

rr Pri : 
: . : I 

-<-0.------.!.i.--------·~- -. 't.'l ·,1,-----·---' .------
(} 0. S .1.0 p GeV~ 

1~1-:l: ... :.J ...-1- ' 

·'1_,Y -:-j_',;,. . 
, ,;- -f,' 

'r:r- --'~l 
I '-\ 

'! 1, 
I I 

(}-;''------------.-------~-- J 
0 90° Vi'* Htl 

' 
I 

Ap 

,!t 

'/l!U 

0 

= theoretical distribu~ions 

Fig. 8. 

I~ 

'I 
' ' .1 f 

I I 
I 'I I 

I ui· 

. I 

. ,~f 
1-::1~1 

: -,-- r7· 
II () -::·"'"'-' -/==----.-------. 0 !>o 1vo 

(P1Jpr,dan /"1(>'./ /( 
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3.1. Generation of .A:tt)..<,- events where 
? 

the pion decays &fter more 

than 5 mm (Type A) • 

We start from· the generated normal lambda decays and let t.he pion 

decay in flight to a muon (programme PIDEC). We assume that the pion 

decays before the last 5 mm ~f its range. This cut off corresponds to 

~momentum of 51 MeV/c. 

An event where the pion has lower momentum at the decay will 

always be in good agreement with the hypothesis normal lambda decay 

as the total lGngth of the pion and the muon ~ill differ very little 

from the potential path lenth of the pion. 

We denote by t the time it takes (in_the CM system) for a 
max 

pion of momentum P17 to come down to the momentum 51 MeV/c. We have 

the empirical formula: 

tmax = (-680 P; + 420 P~ - 1.8 Pn - 0.91) x 10-9 sec 

where Pn is measured in GeV/c. 

The pion is assumed to decay after a time 

t 
\ 2k + 1 

=-'t ln l l - 200 (1 - e 

t 
max - --::r )~ 

where 'b' is the lifetime of the pion and 

t - t max 

k is an arbitrary number between 0 and 99. 

where 

The momentum of the pion at the decay is obtained from the 

empirical formula 

(P1r )d= o.0000393(t x 109 )3 - o.00123(t x 109) 2 + 

0.0230 Ct x io9) + o.b51 ; 

(18) 

. ( 19) 

(20) 

The Six's criteria, which eliminates all pion-muon decays where 

the laboratory angle between the two particles is great, have to be 

fulfilled. This means, as a good appro~imation at our energies, that 

PS/4245 
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the muon has to be emitted gt an CM-angle ( W ~ ) which is .smaller 
' i~,u 

than 39° or bicger than 167° relative to the direction of the pion. 

We choose the angle in the foll~wing way. 

it· 
ere cos [ -

2(k-90 )tJ( 
lel7 J wtil' = 1 - 20 C0S k = 90 - 99 

39} 

(21) 
[ 2k+l k 0 89 = arc cos 180 COE3 = -

where k is an arbitrary nw1ber between 0 an.d 99, 

The momentum of the muon in the lµborc1tory system is now calcu-

lated by help of Eq. (17). 

We are, however, not interested in the real muon momentum. We 

must in stead know what muon momentu_m corresponds to a track length 

which is equal tn the sum of the muon track length c:R,u) and the 
I 

distance ( CJ Rrr ) the pi::rn has passed before decaying. 

We ho.ve one programme (RANGE) which c lculates the rnnge for 

a given momentum and vice versa. From this programme we find 

R ,µ, + 4 Rtr o.nd also ·~he apparent muon momentum corresponding to 

this track length. 

We have now created a re3 l ...A.Ty.t. event. 'rhe 8 input quantities 

(mi) mentioned in Section 2.1. hav~ been derived. ~e want to transform 

these variables t0 11 experimental 11 v-:ilues. 'Ve take the errors (a-.) 
l 

corresponding to m. frum one, rbitrary chosen, of our measured 
l .,, ' 

events. 

We repla.ce the 8 m. va.lue.s by m. + a. U. where the a. :s are 
l ' l l l l 

random normal standard. deviations stored in HkNDOM. 

The new set of m. values is assumed tJ simulate measured 
l 

qu::rntities. 

We require for a A 1u. cand::.da t e that the neg; at ive particle stops 
I 

in the chamber. We have therefore to eliminate those of our created 

PS/4245 
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events which do not fulfil this condition. 

A generc:.ted ).TJU e\ient is located in a plnne (xy) which is 

parallell to the bottom of the chamber. The x-direction is parallell 

to the longest side of the chamber. A pro numed ROT rotates 

2k+l tN tho event an arbitrary angle ( ri == 100 I 1 ; k::::O ••• 99) ::i.round the 

x-axis, 

Frrm the known coordinates of the lambda ::i.pex, the direction of 

the muon track, and the end coordinates of the chamber w calculate 

(programme RMA) the maximum observable muon path length. This is com-

pared with the corresponding path length of the generated negative 

track (programme OUT). The calculations above are also performed 

for the proton. 

If a proton leaves the chamber we have to increase the error in 

the "measured" momentum. This is done in POUT. In th:i.s programme is 

stored a table containing percentage errors in observed measured 

proton momenta for events where the pr0ton has left the chamber. As 

the proton momentum now has big error, we also have to change the 

11 true 11 generated r1omentum to get a new 11 measured 11 momentum. This is 

done in the way described above. 

3 .2. GeLeraticn of .J.Tf/A. events where the pion decays directly (Type B), 
I 

We st:1rt from the generated normal lambda deco.ys. '11he muon from 

the pion decay can now be emitted in all directions in the CM system 

. .. ~. . x·· of the .,,ion. 1'/e rind the angle W from 
.t-' ' - 11,P· • ( 15) and can calculn b:; 

the muon direction and m~mentum in the laboratory system from Eq. (16) 

and (17). 

Exactly in the same way as abJve (SectiJn 3.1.) we transform a 

generat.ed .reo.l event to n. mea,sured event. We Rlso 0ontrol ·-f the proton 

and the muon tracks stop in the chamber nd change the error and the 

value of the pr~ton m0mentum if the proton leaves the chamber. 

PS/1+:~45 



- 19 - CEHN/TC/GEN 64-1 

4. Monte Carlo programme givins ..A ti decays. 
I 

: We use the momenta and the apex coordinates for the unbiased 

sample of observed lambdas ment.ioned in Section 3 as starting values 

when genera ting ..A7-t events. 

We have t> make SC'me theoretical assumptions: 

a) The momentum distribution of the muon is obtained from the avail-

·.:..b'.JJ.c non-invariant phase space (M.M. Bloch; Phys.Rev. 101, 796 

(1956)). 

. 2 2 f 2 
: d~ol'P/l(l-A) l3(M4 -~) (l+A) 

where 

(22) 

M2 

A = 
E )2 - 2 

(M - ~ ./\. ft' .... 

and E is the total energy of the muon. 
~ 

In Fig. 9 we give the theoretical momentum distribution and 

the ·., momentum distribut'l:m of 1000 generated muons (programme 

MUMOM). 

* b) .The distribution of the space angle (~y-<- ) between the muon and 

'the direction of the lambda is assumed to be isotropic in the CM 

'system of the lambda. This is true because the lambda has spin 

* 1/2 and is not longitudinally polarized. The angle W..l)A 

tained fro~ ·Eq. (15). 

is ob-

* c) The distribution Jf the space angle ( UJfav ) between the muon and 

the y is assumed to be isotropic in the CM system of the lambda. 

This is not true, but it is a good approximation t0 

71-
dist ri bu tio:"l.. ( WI".,., from Eq. ( 15)) 

e.g. the V-A 

~ 
d) The distribution of the azimuthal angle (Q v ) between the muon and 

the -v is isdtropic in the CM system of the h1mb da. This is true 

since the lambda is unpolarized. (Q: = ~~;Tr; k:::O ••• 99) 
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The assumptions above perform us with data for the following 

. * ~- "* * variables: r;... , U:,t' , ~v, and 9Y ,., 

We can then calculate 11 other needed quantities. 

The total energy of the proton in the OM c-:;yst em is found 

from the relation; 
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-x 2 
+(I~ -E 71. )2 M2 t i' * *' 1t: + + 2~ 01'.A -.E ) cos uev 

E = tu p ,~ A 
p 

2(M -
;II ~ If· 

E + p;U cos l.J~IV 4 ·;u 
( 23) 

The momentum of the neutrino is 

11· 1(. = M - E - E 
A p ,#· 

(24) 

The angle ( w -K·) between -t;he proton and the muon in the CM system 
Pf 

is obtained from the formula: 

" arcccs [ -

P',,..2 + p-1(- 2 ~ 2} ?- p 
p # 'V 

( 25) w,)p 
2p*p ~-I 

p )< 

The dip rngle ~~) of the proton relative to the~ plane is 

given by: 

l'.- 1 1
,. A sin Qv 

= arc t g . - Jp.-..u-,.. .. -2---2--2--'l<-1 .· 
v· 1 + A c 0S ~-v 

( 26) 

where 
~- . )'(· ' * 

A = 2 Py sin W;t<v 
-~- r.- 11-

p + P cos W), 
~ 'Y •Y 

The plane angle ( g 1!- ) bet ween the lambda and the proton in the 
' .A. p 

CM system is found from 

cos g~] -
-- '} 
1-',u 

I 

n 
( W :p·) We can further calculate the space angle J~ between the 

lambda and the proton fr0m ·• ( 3) • 

( 27) 

The momentum and clirec tion of the muon (P;1..\ fL.iJ..A,t-t ) and the 

proton (P ; W ) in the laboratory system c::in be ccilculated from 
p -I\. p 

the programme CMS:Ll\B; Eq. (16) and (17) above. 

The.se tri.e .A; events cstn be .transformed to observed events by 

the method described in Section 3.1. :le finally select those events 

where the muon (and proton) stop inside the chamber, and we increase 

the error and change the momentum for protons 1 ving the chamber. 
PS/42L1-5 
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5.1. Number of events and general statistics~ 

The fnllowing numbers of candidates have been analysed by 

the pr~grammes described. 

I 
Number ,Jf events with proton Number of events 

IBb,·ratory st0pping leaving or inter:Jct. per laboratory 

-· 

I 
Bergen 47 18 65 

CERN 82 33 115 

Paris 78 40 
1 

118 

Total 
207 91 I 298 

numbers 

rrable 1. 

We have generated about 5000 Monte Carlo events of each kind 

(_,.en r of type A and B and Af\ "). Some of the results below are' 

however, not received from this total number, and we will therefore 

for each investigation note the actual number of events. 

From most of the generated events we find that the following 

fractions of particles stop inside the chamber. 

Type of Percentage of p!t'C't \cl es ct op ping 

event Muon I Proton I Both 

. .A1~ type A 84.8 .9 75,6 

_A Of'' type B 91.l 84.J 713 .5 
I 

A;«. 95.6 8 5. £3 83.8 

Table 2. 

From the ..AtJAA. events of type A we furthe-r note 

a) that 14.5 % of pions, which decay before the last 5 mm of their 

their potential '{)at::i. i.engths, decay already before they have passed 

a range of 5 rnm. 
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b) That about 4 % of all gen.era ted piorlS have a momentum which .is 

less than 50 MeV/c (range less than 5 mm). 

Some other remarcs: 

We can nnw esti~ate how big fraction of our observed candidates 

are type A or t,,pe B events. Let us assume: 

~) Measurements~-0n the negative track gives the direction of the pion 

(muon) if the pion decays after (before) a range of 5 mm. 

/!) The Six criteria (elimination of pion decays (87 %) where the 

space angle pion-muon is great) -can be ·applied down to a pion 

range of-3 mm. 

We then have 

Number of type A events k p>5 o.13·0.885 
= = = 

Number of type B eyents k P3_5+ p 
<.3 

o.13·0.4·0.145 + o.6·0.145 

= 1.09 

where k is the reduction uf events by the Six criteria 

PL is the probability that a pion decays in the range inter-

val L mm. 

We conclude that we can expect about the_ same numbers of type A 

and typ~ B events i~ our experimental sample. 

This figure may be somewhat-wrong ~rom two roasons. Inclusion of 

pions which decay in the last five millimet~rs of their potential 

path lengths would increase the number of type A events. The inter-

action possiblity of pions would, on the other hand, decrease the 

number of type A events more than the number of type B events. 

As we will find that the background from both types of events is 

about the same, we find it unnecessary to investigate more in detail 

how our observed events are ~ivided between the two types. 
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gensr'lted Jlfl)-\.. 

topping we find th~t the proton alsn stops. 

In about 88 of our event.s with the muon 

In our experimental s1mpl we find that the proton stops in 

70 only of all events. The difference is due to int raction of 

the proton. This reaction pocsibility is not included in the program-

mes. But a proton leaving the chamber or interacting will be subject 

to the same changes; the error in the momentum will c nge from 1 or 

2 to a big fraction of the true momentum. We .can then apply the 

Monte Carlo results from evunts with proton leaving the chamber also 

on that fraction of our events where the proton interacts, 

We therefore consider events with the proton stopping or leaving 

the chamber separately in the following analyses. 

r distributions. 

'rho progr=t~nrnes print out monE'ntur;1 1nd ngul r distributions for 

all p:uticles ( nd laboratory system), both for pr~nary generated 

events, for vents stbpping in the chamber and for events which 

disagree with more than a preset number of standard deviations from 

the explanation normal lambda decay. 

They also print out distributions of D1 , D2 , n3 , n4 , D12 , and 

n34 defined in S ction 2 1 nd finally complete information of events 

which disagree by more than preset number of standard deviations 

from the explanation normal lambda decay. 

4. Overall control of the 

All subroutines have been separately tested as far as possible. 

/\n overall test of the complete system of programmes i.:3 obt::tined in 

the following way. 

'l'h::tt subroutine (I~ANDOM), which tr nrc;forms the exact .A.Ti/<- events 
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(type A 2nd B) into experimental events, is taken away, When sending 

the exact type A events through our test programmes we find, as 

expected,; that all events r:tre in complete agreement with tests 1 and 

3 but not with 2 and 4. All events of type B are, on the other ha!'nd, 

in excellent agreement ~ith tests 2 and 4 but disagree sometimes 

with the other two tests. Th~s overall test has been performed on a 

sample of ~bout 300 events of each type. 

5.2. Lambda direction used (Tests 1 and 2). 

The distributions of D12 for the three Monte Carlo programmes 

(proton stopping) and for all ("bserved events (Berg~n + CERN) are 

given in Fig, 10 and in Table 3. 

Pere entage of events 

Type Number () f 
Dl2 standard devfotions 

evente 
. ···~ 0-1 1-2 2-3 3""..4- .... 1±::5. ..... >.2 "··-·· '>. ,, "·· ·~ • 

__ ,, ...... ..... ··~···· 

..AT~ type A 2814 61.7 25.5 7.9 1.9 1.1 1.9 

.A °I' type B 3505 58.4 27.1 8 .• 6 2.6 1.3 2.0 

..AfL 1688 35.0 28.4 14.5 6.8 5.5 9.8 
; 

Observed 182 73.4 18.1 4.4 1.7 o.6 1.7 events 

Ta.b1e 3. 

n12 is ma.inly the greatest number of standard deviations out of 

2 or 3, which are supposed to be normally distributed •. We theref6re 
! 

expect the D12 dis~ributivns for ...(l.Ty<•t event~ .to be broader then 

-:the';.nCi~friai distribufiOri\S. We shcul'd for exi:uiiple ·ha 'ie ro:.::ry% of bur 

e~ents outside 2 standard deviations in comparison with 5 % for a 

normal distribution. This is in agreement with the observed data, 

But it is in disagreement, with what we expect·, ~o have events 

outside 4 standard deviations. We have there about 3 % (= 200 events) 
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of our ..Al~ sample. The reason for this is not quite und0rstood. 

It may be due to that aome of our input quantities are not normally 

distributed, Or it may be so that we sometimes have events where the 

measured data are correlated in such a way that a unit action in some 

direction when changing the data from true values to experimental 

data transforms the whole event to such a bad condition that it is 

very hard to find the true explanation. Some kinematical catastro~hic 

regions exist. 

If this is the reason, we should expect the same to happen also 

for our observed events. And we find that th~ experimental distri

bution agrees very well with the two generated Monte Carlo distri

butions. 

The ...Af'- distribution contains of course more events, which 

disagree with the explanation normal lct.mbda decay. We have e.g. 

15.3 % outside 4 standard deviations. But tb,e ·background of ..ATI/' events 

is so high ( rv 10 events outside 4 standard deviations for all the 

collaboration) that we conclude that it is impossible to use tests 

1 and 2 to find Jl.;«- events. 

· This might not be too catastrophic. We have namely a type of 

background which is very difficult to el iminate in case we use the 

lambda direction. This is du~ to events where the lambda has scattered 

without giving rise to any visible tracks. The assumed lambda direc-

tion could disagree quite much from the true one in such cases, and 

the event might be taken as a lambda-muon event. 
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5,3, Lambda direction not used (Tests 3 and 4). 

5.3.1. Proton stopping. 

The different distributions of n34 are given in Fig. 11. 

We fi~d that the ..J~ distributions are c0mpletely inside ! 3 

standard deviations, while we have 12 .6 % of the _;{../<-- distribution 

outside this limit. If we eliminate events within -2 and +3 standard 

deviations we find the detect.ion efficiency of ..A.~ events to be 15.0 % 

and the expected background from ..A~ events 0.10 events. 

The momentum of the neutrino is abov<e 60 MeV/c, i.e. near the 

maximum possible value, for most of the .;{.~ events which can be 

detected. 

We have observed one event where n34 is less than -5· This can 

not be a normal lambda decay. We have also two events which have n34 

greater than +l. We expect to have two background events in this 

region and have therefore assumed these two to be _A.~ events. 

5,3,2, Proton leaving the chamber. 

The four distributions are found in Fig. 12. The big error in 

the proton momentum for events where the proton leaves the chamber 

(or interacts) makes it possible to explain almost all ·_A,j'l events as 

poE;is ible ...A~"'- events. 

We conclude that we can not use ...A;"<- candidates where the proton 

does not stop in the chamber. 

We want to give the results from test 3, for the case where the 

proton stops, separately. This test can be used quite easily without 

complex programmes, and it eliminates most of the ...A.f~. background, 

The distributions of n3 are given in Fig. 13. We find that type A 

events are in good agreement with test 3, This is of course what one 

PS/4245 



- 29 -

% % 
}\_fl 11 

19~.02 %1 Type A 
1 OJ. D..Ll (2418 event .. ) 
1 events 1 

I ] 
0.5 

-l_ 
0 ··c---.-.-"""'--'!--r------r-.....---·-J.---. . 

-3 0 +3 D34 

·1 80.53 %1 
of all 

' events 

5.0-

·1 
0 _, 

r 2ll4 .:·,._._1 
; events 1 

fl 111 
I{ ( -5 71 -5 6 

Fig. 11. 

CERN/'l'C/GEN 64-1 

------. ...,. A TI1«-
1
1 98 . 41 % I Type B 

of (3505 events 
I 

; events 1 

.-, 
_I 

_;\_/'t 

(1688 events) 

Observed candidates 
(Bergen, CERN, Paris) 

PS/4245 Distributions of D:54 for events with stopping .proton. 



2 

1 

o~ 
-3 

% 

1 96.~·3%1 of all I 
' events 

j 

_A_ fl/.1 
Type A 

(645 events 

;O 

:if. J·.· 

1-

2' 

-. 1 

·--.--.....+,--.--.j.........-·-t--·--·'· 0 ., 
c +3 D34 -3 

1
88 ,58 % 
of all 

·;events 

Fig. 12. 

9h .'.\5 % 
of all 
event;3 ' 

J'L/< 

B 
( 754 events) 

(569 events) 

Observed events 
(Bergen, CERN, Paris) 

l! it ' -i!5 11 > + 5 ' D-
. . 34 

Distributions of D34 fo:- ev,c:nts where the proton leaves the chumber. 

PS/4245 



- 31 -

l~i·ii~%l 
' events 1 

' 

CERN/TC/GEN 64-1 

- . i 

.. kn/'- type B 
(122Lt. events) 

J\ TiA type A 
(741 events) 

.. r1_1 :· . .. 
0 ___ . ___ ,....__......._-H,,--i,--.---.,----~·-->-------.:0-:1 _~......;;..: -...... -=----=--..,.·:---'!-.--..---f/,.r-' -'n'---'1-;,,,f-. _ 

l -$ / -5 0 +5 )+5 D3 

. . ~ .... .. . .... 
" 

-
t 

74.5 % I At of all 
! events 

I (844 events) 
I I 

I I 

lC - I 
.. I 

. 

I - I 

5 
J 

-

-1 -
~'-' --,_l ---, 

Ii ,, ·I . "'" 

-L.t.. .. J_._i_ 
I ,-1 11 - If ., I r I I It I) 0 

+5 >+5 -5 0 

F:.'..g. 13. 

Distributions of n3 for events with proton stopping. 
PS/421+5 



- 32 - 6 1 

can expect as test 3 is just a test to see if the event can be explained 

as a type A event, 

Type B events are, however, not always recognized as normal 

lambda.s by test 3. We have e.g. 0.8 % (:::: 1 event) of n.11 type B 

even ts out side 5 s ta.ndard deviations. Out side on c; st nndard de via ti on 

we have 25, 5 % of the -A/-t 8Ven ts and about 5 % of the; normal 

lanbda..s (,.._, 10 uxpected events in our s e; 6 are observed by 

using test 3 on1y). 

Tc;st 3 is thus a good method to purify a b cf -";ft candi-

dates to get a few events, which, however, have to be tested afterwards 

in some way, to find out if they may belong to type B. 

6. J./:~ background due t" scattering of the pion f£Orll a normal 

lambda decay. 

If the pion from a normal lambda decay ns to be scattered 

near the production point (before a range of about 3 mm), it will be 

difficult to observe the scattering. Such a BCfittered pion, which 

decay,s to a muon, might simulate a )L; ... event. 

To find out the background from such unobserved scatterings We 

proceed in the following way. 

We choose a scattering angle 
0 

(v ) of the pion from a normal 

lambda decay (Section 3) and generate the azimuth a (Q) of the 

scattered pion by a Monte Carlo prugramme 

~he new direction of the scattered pion is calculated. The pion is 

assumed to be scattered against o free proton and we therefore change 

the pion momentum from PTr to 

p 
s = 
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p 
11 

" r u2 2· 2 
i'1 , Ftn + P,...,. + M,11 
....E.. ---"----r---.,....-\ 

,( jVf2 p2 
· 'rr + 11 + 

c 

The scattered pion is put into the Mont Carlo programme described 

in f:ioction 3.1., which generi!iltes a J\1V'· event of type A. 1'his [3Cattered 

-Afi,r. event is ,sent through the four test programmes (,'.3oction 2. 3). 

We generate 100-300 completely new events with the same scattering 

angle and can then determine how big fraction of these bad events 

would have been taken as .A14 events according to our criteria hove 

(D34 ( -·2 or > +3). This fraction, :w a function of tho ~;;cattering 

angle is shown in Fig. 14. It is ba~ed on 1660 events where both 

proton and muon .stop. 

'fo conclude tha.t pions scettter d leSE3 th::rn. or equal to 15° gives 

almost no background events (0 background events in 350 generated ones), 

and that about half of events where the pion is scattered more than 

o./o 0 will contribute to th b 1 d _ .e stcKgroun • 

We have to estimate how Y'.lany scatterings in tho first 3 milli-

meters of all our pion tracks we can expect to have in our sample of 

A;u candidates, 

To be able to do this we have investigated 8.5 meters pion 

tracks (R,f() 2 cm) fron ''tn unbiased s:i.nple of normal lambda decays 

in the same rolls. Tho plane angle distribution (~ ~ 3°) of scattered 

pions is given in Fig. 15. 

0 We have observed 10 events with plane angle greater than 15 

and we have therefore about 15 ;vents with space angle greater than 
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the given limit in a track length of 8.') meters. Our 200.AjJ· c.andidates 

with proton stopping currespund to 200 x 3 mm = 60 cm pion tracks 

where unobserved scatterings can have occured. We therefore expect 

to have about 1 b scattering, which should give a background 

of about 0.08 events according tu Figures 14 and 15. 

~e want tu note one special feature with the background events in 

Fig. 14. About 95 % of the events have D34 greater than +3 and only 

5 have D34 less than -2. The corresponding figures for our detectable 

JL/c events are 0, 7 % and 14. 3 % respectively. This moans that if we 

restrict ourselves to taking only )~events where D34 is less than 

-2 (muon mcmentum luwer than expected), we loose lSss than 1 % of our 

Jlf events, but have prci.ctically no background f:rom sco.ttered pions. 
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7. Summary. 

i) have written a number cf FORTRAN progr mmes to test whether an 

ob,served candid'" t e ,.,, p + - + v ) can be explairn::d as a 

normal lnmb da decay ( .. ~ r + )·where the pion decays to a muon. 

ii) 'l'he detection efficiency 0f ./\/"events (defined to bu that fraction 

of Aµ decays which can not be exp~ained as normal lambda d~cays), 
/ 

has been estimated by help of Monte Carlr generated Au events. 
/ 

We find that _,~events where t pr~ton leaves the chamber or 

interacts (big error in the proton momentum) are, with vary few 

exceptions (1%), possible to expl3.in s norm:1l lambda dec.ays. 

1.i'or Jl/._ events where the proton stops inside tho chamber we find 

that 

a) 22.1 % of all generated events disagree by more than 3 standard 

deviations fr0m the explanation normal lambda decay in case we 

W3G all 0 measurable 11 inf0rma t iun from created events. 

b) 12.6 % uf uur eveuts fall outside the same limits in case we do 

not use the informatiun ::i.buut the l'J.mbda direction. 

iii) To be a~le tn determine tow effective our programmes are in 

recognizing J!J~/< event.s, which have been r:3ubjected to measurement 

errors, we have written a Munte Carlo programme, which generates 

normal lambda decays and which transfurms these true events to 

"measured" ._ines. 

"le find that .AT:1t~ events are effectively recognized ns .Aty-i events 

(i.e. all'generated events are within 3 standard deviations from 

the tru~ explanatiun) in case we do nut use the information about 

the lambda direction. 

WhE'n using the extra constraints, which a knowledge of the lambda 

direction impliea, we find thn.t some of our .Anf events are not 
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- 3? -
recognized as such. ~e have frr example bout three percente of nur 

generated sample mcr8 th::1n !+ st:Jnd:1rd de-vir1.tiorrn from th,o; truC; 

explanation. This disagreement is probably due to the existence of 

some kinematically catastruphic regions and also to the fact that 

some of the measured varilbles are not normally diGtributed. The 

disagreem8nt could probably b~ Jt least partly overcome if the 

error calculations were pcrfJrmed with still h r IJrecision 

(but with the same methcd) as is used in the programmes. 

iv) From ii) and iii) we cunclude that a us of the better method (iia) 

to recugnize -A;-< events (Lur1bd'"'1 direction known) le::i.ds to a high 

background of unrecngnized J\.11µ events (about 10 E:Vents in our c:3se) 
I 

To avGid the .A~t k<ckground, therefore, W8 have to use the method in 

which one assumes the _A direction to be unknown. This method 

gives a detectiun efficiency of 12.6 % with no background or 15.0 % 

with a background ,.if J.10 A71/.<- events in our case. 

The second method has, in co~paris0n with th first one, an other 

adv::i.ntage, A's, which luve been scatterl:d without giving rise to 

visible tracks, will give a non negligible background, which is 

very difficult to eliminate, in the first method. 

v) 2_07 -'ju cnndidates with IJruton stopping (events fron Bergen, CERN 

and Paris) have been analysed by the programmes. Two events were 

found to disagree with the expLi.nat ion normal lt1r:1bda clec::iy. One of 

these has, however, no visible erigin inside the ch~mbar. 

vi) ·The backgr)und from f!f.f events where the pion is scatterc;d very 
I 

near the production peint has been investigated by Monte Curlo 

programmes. We find that this background is about 0.08 events in 

our ca..s e. 

Results from the Jll investig:1tion, including determin:)tion of 

branching ratio and discussion of other types of backgrounds will 




