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Abstract 

We present branching fraction measurements of the three-prong decays of the 

r- lepton based on data from the TPC/Two-Gamma detector at PEP. The decays 

are classified according to the charged tracks to give simultaneous measurements of 

B,- n+lr- 1 BK-A- > and BK-K+r-, and upper limits for Bn-K+rr-r BK-?r+K-r 

and B,- K+K-, where additional neutrals may be present in each case. We find the 

mass distributions in the K-r + - r decay are consistent with K1 dominance, and 

obtain branching fractions for T- -+ v,K;(1270) and T- + vTK;(1400). 
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I. I N T R O D U C T I O N  

Decays  of r  lep ton  pa i rs  p r o d u c e d  at e + e -  col l iders p rov ide  a n  except ional ly  c lean  env i ronment  

for s tudies of the w e a k  cha rged  current  a n d  of the s t rong interact ion be low  the r mass.  T h e  wel l -  

m e a s u r e d  hadron ic  decays  of the r- lep ton  a re  obse rved  to p roceed  th rough  coup l ing  of the W -  

b o s o n  to i id o r  U S  resonant  states. (Cha rge  con juga te  processes  a re  implicit.) T h e  (7rr)-  a n d  (Kn) -  

decays  a re  dom ina ted  by  the p -  a n d  K*-  vector  channe ls  [l], wh i le  the (rrrrrr)-  decays  p roceed  

th rough  the a; ax ia l -vector  channe l  [2]. However ,  the resonance  structure of the (Kmr -  decays  

is still a n  o p e n  ques t ion  d u e  to their  smal l  b ranch ing  fract ions a n d  the diff iculty of ident i fy ing o r  

reconstruct ing the s t range mesons .  T h e  obv ious  cand ida tes  for (Kmr) -  resonances  a re  the K , ( 1270 )  

‘a n d  the Kc (1400 )  [3], h ’ h  w  ic a re  mixtures of the ‘1 ~ s  ana logs  of the a; a n d  b,. 

W e  descr ibe  a  set of measu remen ts  of the b ranch ing  fract ions of the r- lep ton  in  wh ich  al l  three-  

p r o n g  decays,  those wi th th ree cha rged  part ic les a m o n g  the decay  products,  a re  classi f ied accord ing  

to the ident i t ies of the cha rged  tracks. W e  a lso  exam ine  the resonance  structure of the (KIT)-  decay  

th rough  the th ree-charged  m o d e  K- IT+T-  a n d  repor t  b ranch ing  fract ions for T-  - +  vTKc  (1270 )  

a n d  r- +  v7KT  (1400) ,  assum ing  that resonances  dom ina te  the s t range axia l -vector  decays  of the 

r- . Us ing  predic t ions of the rat io of w e a k  coup l ings  [4], w e  de te rm ine  a  pre fer red  mix ing  ang le  for 

the K i  states. -  

. .-, - _  -  
I : II. S E L E C T I O N  ;a 

T h e  da ta  w e r e  reco rded  wi th the T P C / T w o - G a m m a  detector  facility [5] at the P E P  e + e -  col l ider  

at S L A C  dur ing  the 1 9 8 2 - 1 9 8 3  a n d  1 9 8 4 - 1 9 8 6  runs.  T h e  total samp le  has  a n  in tegrated luminosi ty  

of’1 4 0  pb -’ at a n  e + e -  center  of mass  ene rgy  of 2 9  G e V . Cent ra l  t rack ing was  pe r fo rmed  by  a  tim e  

pro ject ion c h a m b e r  (TPC)  wh ich  ident i f ies cha rged  part ic les th rough  s imu l taneous  measu remen ts  

of m o m e n tum a n d  ion izat ion ene rgy  loss, d E /dx. A t P E P  energ ies  the decay  products  of the r+r -  

events  a re  we l l -separa ted  into two hemispheres ,  g iv ing a  dist inct s ignature  for the select ion of r i+s 

events,  w h e r e  the subscr ipt  ind icates the n u m b e r  of cha rged  part ic les for e a c h  of the r decays.  

T h e  event  se lect ion is b a s e d  ent i re ly o n  k inemat ic  a n d  part ic le ident i f icat ion in format ion f rom the 

cha rged  tracks obse rved  in  the TPC.  In add i t ion  to ou r  bas ic  set of r i+s se lect ion cr i ter ia [6], w e  

app ly  the fo l lowing requ i rements  in  o rde r  to m in im ize  qi j  a n d  radiat ive B h a b h a  backgrounds ,  a n d  

‘to ensu re  eff icient r& /K&  separat ion.  The re  must  b e  n o  reconst ructed tracks in  add i t ion  to the 

o n e - p r o n g  a n d  th ree-p rong  candidates.  T h e  d E /dx of e a c h  of the th ree-p rong  tracks must  satisfy 

~ 2 , <  9 .0  o r  x&  <  9.0, w h e r e  xf is the g o o d n e s s  of fit of the m e a s u r e d  d E /dx a n d  m o m e n tum to the 

expec ted  d E /dx vs m o m e n tum curve for part ic le spec ies  i. Final ly,  e a c h  of the th ree-p rong  tracks 

wi th m o m e n tum greater  than  2  G e V  must  h a v e  at least 8 0  w i re  d E /dx samples .  T h e  resul t ing 7 1 + 3  

samp le  consists of 5 1 8  events,  wi th a n  est imated pur i ty of 99 .1%.  B a c k g r o u n d  est imates, b a s e d  o n  

M o n te Car lo  s imulat ion,  a re  3 .5  q Q  a n d  1.3  ~ i+ i  events  wi th neg l ig ib le  contr ibut ions f rom B h a b h a , 

P + P - >  a n d  twopho ton  events.  
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III. THREEPRONG BRANCHING FRACTIONS 

-~ 

The separation of the three-prong tracks into X* and K* candidates is based on their momentum 

and dE/dx values, shown in Fig. 1. The dE/dx distributions for charged particles are known to 

be Gaussian out to three standard deviations, with a well-understood resolution that is a function 

of the track angle and number of wire samples [5]. The average dE/dx resolution is 3.2% for the 

tracks in our sample with momentum above 2 GeV. Tracks below 2 GeV are considered to be x*, 

since Monte Carlo simulations predict that fewer than 4% of the K* from three-prong T- decays 

will have such low momenta. Protons from background sources pose a particular concern since they 

would likely be misidentified as K* due to their low dE/dx values through the high momentum 

region. However, Monte Carlo simulations predict fewer than one proton in the sample from QQ 

background, while protons from nuclear interactions tend to have much lower momenta and would 

be easily distinguishable. Moreover, the tracks in our sample with momentum above 2 GeV and 

dE/dx below the expected K* value show no preference for positive charge. 

To determine the decay populations in the sample we use both an extended maximum likelihood 

fit and an identification matrix inversion technique [7]. The statistical nature of these methods 

requires that we consider eight decay classes, since each of the randomly ordered tracks may be r 

or K. The populatiori estimates for K-TT+T- and r-rr+K- are then added together, as are those 

for K-K+n- and T-K+K-, to give event populations for the six physical/y distinct decay modes. 

For the lilcelihood method [8], we derive the expression :. : p 

where Nj is the expected number of events in decay class j, the index a runs over the events, 

and the If are the measured dE/dx values for the three tracks in an event. The distribution fj 

is taken to be a product of three Gaussian distributions, each centered on the expected dE/dx 

value given the momentum and particle species that define class j; momentum uncertainties are 

negligible. The exponential factqr takes account of Poisson fluctuations in the sample. Using the 

package M INUIT [9], we determine the values of Nj that give a global maximum for the expression. 

For the identification matrix inversion method, each of the three-prong tracks is initially classified 

as a?r* or K*. Each track with momentum greater than 2 GeV and with dE/dx that satisfies 

.xg < cx: -4.0) is classified as K*, while all other tracks are classified as x*. From the assumption 

of Gaussian dE/dx distributions for charged particle species, an identification matrix 

is generated for each of the tracks, where the element QK+=, for example, is the probability of r* 

being misidentified as K*. These elements are functions of the momentum and dE/dx resolution of 

the track, with an average value for Q,+, of 0.99 and for QK+K of 0.86. The outer product of the 

three track identification matrices gives an event identification matrix 
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p"h,~2,P3) =  Q"(n)@ Q”(p2) @Q”(P~), 
-- 
where a is an event label and the pi are the measured parameters for track i of the event. For event 

a, P” relates the true decay class, given by vector N”, to the assigned decay class, given by vector 

M ”, according to 

M ” = P”N”. 

The element of M ” that corresponds to the assigned decay class is set to one, while all other elements 

are set to zero. We then solve for N” to obtain a vector of weights for the possible decay modes. 

The summation of these weights over all of the events, 

provides another estimate of the decay populations Nj within the sample. 

The decay class populations for the two methods, given in Table I, agree very well. Note that 

these are inclusive decay classes defined by the identity of their charged particles and may include 

decays with different numbers of neutrals. To estimate the event selection efficiency for the r-r+n- 

decay class we use Monte Carlo simulations of r- -+ v,rr-rr+r- and r- -+ vT7r-rr+7r-rro, weighted 

according to current values for their branching fractions. For the decay classes with K* we use the 

decay mode with no additional 7r” to determine the efficiency. To calculate the branching fractions, 

we..correct the likelihood populations for variations in acceptance among the different decay classes 
$3 

. and normalize to the world average three-prong topological branching fraction of 14.06 *0.25% [lo]. 

We estimate a systematic error of 20% for the decay classes with K*, primarily due to uncertainties 

in dE/dx parameterization and in event selection efficiencies. Compared with previous results from 

DELCO [ll], our values for BK-?r+rr- and BK-K+A- are 1.6~ higher and 0.60 lower, respectively. 

Table I also shows our upper limits for B,-K+~-, BK-rr+~-, and BK-K+K- . 

IV. Kl RESONANCE DECAY 

To examine the resonance structure of the decay r- -+ v,K-n+~-, we select 23 candidate events 

where exactly one of the charged tracks satisfies the K- criteria. The K-T+IT-, K-T+, and 7r+7rW 

invariant mass plots for these events are shown in Fig. 2. Using Monte Carlo methods, we obtain 

‘analytical expressions for the expected distributions of Kc (1270) and Kc (1400) events in the three- _ 
dimensional invariant mass space defined by m&-A+7F-, m ’$-,,+, and mE+r-. Events are generated 

with the r~ generator KORALB [12], to which we have added decays to the K, resonances. These 

events are then passed through a detector simulation in order to model acceptance and resolution 

effects. For each of the decay modes of the KT(1270) and Kr(1400) [lo], we fit the analytical 

expression 

N . g(Km) . g(Kr) . g(m) . 
(2 -1) 

5 - 
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to the invariant mass distribution of the Monte Carlo events. Here N is the normalization, and g is 

--a Hreit-Wigner function for resonant charged particle combinations and a constant otherwise. The 

fit determines the best values for the effective mass and width parameters. Finally, these expressions 

for the individual decay modes are combined, according to their relative selection efficiencies and 

branching fractions, to give net predicted invariant mass distributions for the KT(1270) and the 

K, (1400). 

Using the r-rr+r- candidates of the 7r+s data sample, we derive a similar analytical expression 

for the expected invariant mass distribution for the background due to particle misidentification. 

For each r- with momentum greater than 2 GeV, we replace the n- mass with that of the K- and 

calculate m&-?F+?F-, m$-.lr+, and m2+r- for the event. The expression above is then fitted to these 

events, weighted by their misidentification probabilities QK+~, which range from 0.4% to 2.3%. 

The values of QK+~ are also used to obtain a background estimate of 6.3 f 2.7 events, including 

systematic uncertainties. 

Assuming that the decay r- --+ ~,K-TT+T- is dominated by the two K, channels, we construct 

an extended maximum likelihood function, 

where a runs over the K-r+r- candidate events. The Nj and hj are the expected populations 

and: predicted invariant mass distributions, respectively, for K, (1270), K, (1400), and background 

. ev&ts. Using the background contribution given above, we determine the most probable values for 

the K,(1270), K,(1400), and total Kc populations, listed in Table II. The branching fractions are 

calculated according to 

BK~ = B3 . (NK~/N~)/(~K~/Es), 

where B3 is the topological branching fraction to three-prongs, Na is the number of events in our 

7r+s. sample, and EK1 /es is the selection efficiency for Kc events in the K-r+n- sample relative 

to that for three-prong events in the 7r+s sample. We estimate a systematic error of 25% from 

uncertainties in dE/dx parameterization, event selection efficiencies, and branching fractions for the 

decays of the Kc(1270) and KF(1400). The Monte Carlo invariant mass distributions for the best 

fit values of K; (1270) and Kc (1400) are compared with those of the K-X+X- candidates in Fig. 2, 

while the statistical error contours for the K, branching fractions are shown in Fig. 3. _ 
From the relative magnitudes of the CBM matrix elements IVudl and IV,,l, the branching fraction 

for r- --$ .v,.Kc is expected to be roughly 5% of that for r- + v,ay, which is in the range of 

16-20%. This estimate is in good agreement with our measurement for the total branching fraction 

of r- --t u,K,, listed in Table II. Given the current branching fraction values for the decays 

K1(1270) ---f K*T and Kl(1400) + K*r [lo], we use our r- --+ v,K, values to obtain 

B(T- -+ v,l?*‘r-) = 0.51-t;:;; f 0.130/o, 

6 
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which is consistent with a measurement from CLEO [13] of 0.38 f 0.11 k 0.13%. The partial decay 

-rates and masses of the Kl(l270) and Ki(1400) predict a mixing angle of OK1 x 33” or 57” [4]. Our 

ratio of K, branching fractions favors the mixing angle of OK1 M 33” for reasonable estimates of 

SU(3) breaking, as shown in Fig. 3. 

In order to check for non-K, contributions to the decay r- --+ v,K-bx-, we derive expressions 

for the expected invariant mass distributions of non-resonant K*‘n-, K-p’, and K-IT+T-. We 

perform likelihood fits where one of these non-resonant components is included along with the 

K,(1270), the K,(1400), and background. The most likely value for the branching fraction of 

K*‘rr-, which has an invariant mass distribution similar to that of the K,(1400), is 0.19~~$, 

while the branching fractions for the K-p’ and K-T+T- are O.Ol~$~~ and 0.04~0,$, respectively. 

Although we are unable to rule out contributions from these non-resonant channels, our overall 

results are consistent with Kc dominance of the (KTwT)- decays of the r- lepton. 

In conclusion, we obtain simultaneous measurements of several three-prong r- decays including 

K*. Our resonance analysis provides first evidence for the strange axial-vector decay of the r- 

lepton. 
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T A B L E  I. Even t  popu la t i ons  wi th  statist ical e r ro rs  for  r -  d e c a y  c lasses.  T h e  b r a n c h i n g  f ract ions a r e  
no rma l i zed  to the  wo r l d  a v e r a g e  t h r e e - p r o n g  topo log ica l  b r a n c h i n g  fract ion.  T h e  u p p e r  l imits a r e  at  the  

- 9 5 %  con f i dence  level ,  i nc lud ing  systemat ic  uncer ta in t ies .  

u , K - K + K -  

D e c a y  

O .O fO .O  

Popu la t i on  
( 2  0  neu t ra ls )  

O .O f0.5 

Matr ix  L i ke l i hood  
u,x-  l r+  R -  489 .6 f22 .6  49wL,: ; :  
z + K -  T +  r-  19.7 f5 .9  19.9t5, : ;  
u, T-  K +  R-  3.5 f3 .4  1 .6 f2 .9  
v ,K -K+  r-  5.4f2.9 4  1+2 .5  

. -1 .8  
u,K-  T +  K -  -0 .1*0 .1  O .O f0.5 

<  0 . 1 9  

B r a n c h i n g  Frac t ion  ( % )  
T P C / S + y  D E L C O  
1 3 . 3 4 ’:::; 

0  5 4 + 0 . 1 4  
. -0 .12  

0  22 fO.16  
. -0 .13  

<  0 . 2 2  
o . 1 4 + “.0 8  -0 .06  o . 2 2 + 0 . 1 7  -0 .11  
<  0 . 0 8  

T A B L E  II. B r a n c h i n g  f ract ions for  decays  of  the  T-  to u ,K ; (1270) ,  u7K ; (1400 ) ,  a n d  total  u,K;, 
a s s u m i n g  that  the  p rocess  r -  +  v~K-TT+x -  p r o c e e d s  ent i re ly  t h r o u g h  the  K ; channe ls .  T h e  ef f ic iency 
def in i t ion is desc r i bed  in  the  text. 

D e c a y  

u ,K ; (1270 )  
u ,K ; (1400 )  

uTK;  

Popu la t i on  
L i ke l i hood  

+5 .4  

,::$ 

16 .4- t”,:’ 

E ff ic iency 
e K 1  /E3  

0 . 3 6  f 0 . 0 4  
0 . 3 9  * 0 . 0 4  
0 . 3 8  f 0 . 0 4  

B r a n c h i n g  Frac t ion  ( % )  
TPC/2y  
o . 4 1 + ” 4 1  -0 :35 0  76 f0 .40  

. - 0 .33  
1  17 f0 .41  

. -0 .37 
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Figure Captions 

Figure 1. dE/dx vs momentum for the three-prong tracks of the rr+s event sample, along with the 

expected curves for various particle species. 

Figure 2. Invariant mass distributions for the 23 K-vr+w- candidates in the rr+a sample. The dashed 

curve shows the estimated background from misidentified n-~+rr- events, while the solid curve 

shows the background plus the best fit combination of Kc (1270) and K, (1400). 

Figure 3. Statistical error contours for the T- + u,Kc (1270) and T- -+ ~,K,(1400) branching frac- 

tions. The shaded regions represent the ranges of the ratio of K, branching fractions predicted 

for K, mixing angles of 33” and 57” and SU(3) breaking of 161 5 0.2. 
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