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ABSTRACT 

Using a sample of 349 K L  + p+p- candidates collected during our 1990 data run, 
we measure a branching fraction Br(Kr; -* p+p-)  = (6.96 f 0.40 f 0.22) x The 
sample used is the largest t,o-date of K, -+ p + p -  events. The result is close to the 
unitarity bound 6.83 x coming from an absorptive 2-7 intermediate state. 

I. INTRODUCTION 

We have measured the branching ratio for KL -.) p+p- using our most recent and 
final data sample, that taktm in 1990. The measured value is consistent with values 
measured with earlier and smaller The rate for K ,  -+ p i p -  is theoretically 
interesting because the amplitude receives contributions from a top-dominated quark 
loop. Specifically, the real or dispersive part of d(K, - p+p') is dominated by short- 
distance electroweak diagrams (Figure 1) while the imaginary or absorptive part is 
dominated by a 2-y intermediate state3. The 2-7 contribution essentially factors into 
two pieces, I'(K, -+ Ty)-I'(:ry 4 p+p-). Using the current measured value' Br(KL + 

77) = 5 . 7 0 ~ 1 0 ' ~  and the QED results r ( K ,  -+ y7 + p+p-) / I ' (K,  4 yy) = 1 . 2 0 ~  
gives Br(K ,  + p + ~ - ) ~ h  = (5.83 x This value, called the unitarity bound, is the 
minimum rate which one expects K, 4 p+p- 
to occur, as it is difficulte to postulate addi- 
tional Standard Model proccsses which sig- 
nificantly interfere with K L  --+ 77 + p + p - .  s w c- 

u.c.t 

The short-distance diagriuns of Figure 1 
contain a quark loop receiving contributions 
from u, c, and t quarks. Because top is so 
heavy (mt > 89 GeV/c2at 90'% confidence7), 
it dominates the loop such that the con- 
tribution of the lighter quarks can be ne- 
glected. The amplitude is proportional to8: 

M u.c.1 
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Thus knowledge of the Kobayashi-Maskawa 
(KM) matrixe elements qd and V,, allows 

Figure I: Short-distance contributions 
to Kr; -+ p+p-. 



B r ( K b  4 p+pc-)  to contrain mt, or alter- 
natively knowledge of mt allows one to con- 
strain the KM matrix. The sensitivity one 
has to the KM matrix is illustrated in F ig  
we 2, which shows the p - q plane where p 
and q are two of four parameters used in the 
Wolfenstein parametrization10 of the mix- 
ing. All CP violation can be accounted for 
within the Standard Model by the pareme- 
ter q. The figure shows various constraints 

. upon the p q  plane extracted from measure 
ments of the CP-violating parameter e, mea- 
surement of the endpoint region of the lep- 
ton momentum spectrum in B -.+ XfP de- 
cays, and measurement of Bo-€?' mixing". 
The constraint imposed by a precise mea- 
surement of Br(KL -+ p+p-) appears as a 
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simple lower bound on p: for 
the constraint from reference [12] is p > 

= 150 GeV/c* 

-0.03. 

Figure 2: Constraints on p-7 plane 
fromsemileptonic B decays (solid), B- 
B mixing (dashed), (dotted), and 
KL -, p+p- (solid vertical line, from 
reference (121). 
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II. DETECTOR AND ANALYSIS FLOW 

The E791 collaboration consists of physicists from UC Irvine, UCLA, LANL, Stan- 
ford, Temple, Texas, and William and Mary. The detector is shown in Figure 3 and 
is described in detail elsewhere13. Briefly, a 24 GeV proton beam impinges upon a 
copper target tilted at '2.75' with respect to the horizontal. The secondary beam emit- 
ted horizontally is accepted by a series of collimators, sweeping magnets, and thin lead 
foils which define the beam to lie within a solid angle of 65 psr, sweep away charged 
particles and convert photons. The beam subsequently enters an 8 m vacuum tax& in 
which accepted kaons decay. Downstream of the decay tank is a '2-magnet spectrometer 
which makes 2 independent momentum measurements. The magnets give equal and 
opposite pT kicks of 300 MeV/c. Following the spectrometer are particle ID detectors 
consisting of a Cerenkov counter and lead-glass array for electron identification, and 
a 1 m iron wall, scintillator hodoscope, and 13 m range-stack for muon identification. 
The first-level trigger used to record the p+p- sample requires hits in trigger scintillator 
counters placed upstream and downstream of the Cerenkov counter, hits in both arms 
of the first 3 drift chambers, and hits iu both ~ 1 ~ 1 1 9  of the muon hodoscope. 

The o f i e  analysis f ist  runs events through a pattern recognition algorithm re- 
quiring 2 oppositely-charged tracks, one in each spectrometer arm, which point back to 
a common vertex. Events which pass are subsequentiy run through a track and ver- 
tex fitting algorithm which uses the complete magnetic field maps. A series of fiducial 
volume cuts are made to ensure that decays originate in the decay volume and that 
tracks do not traverse material or rapidly varying regions of the magnetic field near the 
coils. Events which pass are subjected to vertex and track x2 cuts to reject pion decays 
in-flight. Events passing x2 cuts are projected to particle ID counters and the responses 
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noted. Based on these responses (Cerenkov counter, lead-glass array, muon hodoscope 
and rangefinder), the data is separated into p+p-,  e+e-, and p e  samples. A T+A- 

sample (m, > 480 MeV/c2) is selected from minimum bias triggers analyzed through 
x2 cuts to norxnalize the s,ensitivity of the 
experiment . 

The particle ID cuts used to select the fi- 
nal p+p- sample require good position and 
timing in the muon hodoscope (MHO) and 
penetration in the muon rangefinder (MRG) 
corresponding to that expected from the m e  

0 - mentum measurement. Identfication in the 
MHO, which is segmented in z and y, is 
based on four criteria: a) the distance in z 
between l i t  slat and projected spectrome- 
ter track, b) the distance in y between hit 
slat and projected track, cjl the time differ- 
ence between z and y hits, i d  d) the mean 
time of x and y hits (which should be close 
to the mean time of trigger counter hits). 
These criteria are combined into an over- 
all confidence level (CL), with the cut used 
(CL>0.0005) corresponding; to an efficiency 
of 92.9%. The MRG requirement is that the 
last rangefinder gap hit is within 3 gaps of 
the last gap expected based on the muon 
candidate’s momentum as measured in the 
spectrometer. This cut is 98.2% efficient. 
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Figure 3: The E791 detector. 

III. p+p- SAMPLE 

Figure 4 shows a scatter plot of the hal p+p- sample plotted in the variables 0: 
versus reconstructed pp mass. The colinearity angle 6, is defined as the angle between 
a line drawn from target to K decay ver- 
tex and the reconstructed kaon momentum 
vector PK. For 2-body decays, PK should 
point back to the target and 0 , ~  0. For 3- 
body decays the reconstructed PK does not H s 
include the neutrino’s momentum and thus 
does not necessarily point back; 0, is then * 

large. 
Figure 4 shows a large clustering of p+p- 

candidates at low 0: near mEr = 498 MeV/c2. 
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Also visible is a small amount of background 
exteiiding to high pp mass. The background 
is dominated by K,, decays where the pion Figure 4: e PS. mcIP for hal p+p- 
decays in-flight and the electron is mis-identified sample. 
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4 as a muon. The mis-identification can pro- 
duce a large 2-body invariant mass equal 700 r 1 

I to or exceeding mK. The background also 
contains a small number of mis-measured 
K ,  decays which for perfect mass resolu- 
tion have a kinematic endpoint of 489 MeV/c2. 2 
To subtract off these backgrounds two boxes 
are defined: a signal box extending f 6 MeV/c' 
around the kaon mass and from 0 - 2 m a d 2  
in 6,2, and a 'background' box covering the 
same region of m,, but extending from 2.5- 
6.5 in 0:. There are 372 events in the s ig  
nal box and 29 events in the background 1o 2 

box. Of this latter group 15 have one of the 
muons satisfying electron ID and are thus 
identified as Ke3 decays. Since the electron 
efficiency in this kinematic region is 88.7% 
(measured from a separate study), the most- 
likely n u d e r  of Ke3 events in the back- 

To extrapolate the Ke3 background into 
the signal box one selects from the pp trig- 
ger sample those events which satisfy elec- 
tron ID rather than muon ID. Of these Ke3 
events, those with Im, - mKI < 6 MeV/c' 
are plotted as a function of 0: (Figure sa). 
The extrapolation factor needed is then the ratio of the number of events with 0 < 0: 
< 2 mrad2 to the number with 2.5 < 0: < 6.5 mad'. The factor is found to be 1.02, 
giving an estimated number of Ke3 events in the signal box of 17.3. 

To extrapolate the Kcc3 background one plots the dimuon events of Figure 4 which 
have Im, - mKi < 6 MeV/c2 and which do not have an electron (Figure 5b). This 
sample has little Ke3 contamination and consists essentially of K L  -.) p+p- decays at 
low 0," and Kcc3 decays at higher 0:. The distribution of K* events appears roughly 
flat in 0,' and the 12.1 deduced events in the background box are extrapolated flat into 
the signal box to give an estimated Kcc3 background of 6.0 events. The final number of 
p+p- candidates is 372 - 17.3 - 6.0 = 349. 
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Figure 5: 6: spectrum of a) K -+ lreii 
decays, b) p+p- events with electron 
veto. 

IV. 7r+lr -  SAMPLE 

To count the number of 7ri7rr- candidates one defines for the minimum bias sample 
(no PID cuts) a signal box identical to that used for p+p-. There are 40,906 events in 
this box. A significant fraction of this is background, however, due to the lack of particle 
identification. To estimate the background all events with 0: < 2 mad' are projected 
along the m- axis (Figure 68) and all events with Im,--mKI < 6 MeV/c2 are projected 
along the 0: axis (Figure 6b). A large sample of Monte Carlo Ke3 and Kd decays are 
generated and the mass and 0: Monte Carlo lineshapes are matched to the respective 
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data spectrum by no&.ing to the number of events away from the p+p- peak. For 
the mass spectrum the nondza t ion  region is 482490 and 505-520 MeV/cl while for 
the 0: spectrum the normalization region is 3 - 10 mad’. The resultant number of 
Monte Carlo sedeptonic (!vents in the signd box is 8376 for the mass lineshape and 
8284 for the 0: lineshape; averaging the two values gives 8330 background events or 
40,906 - 8330 = 32,576 R+R- candidates. - 
4 1 
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Figure 6: Matching Monte Carlo K + ilii spectra (dashed) to data. a) Events with 
6: < 2 mad2,  b) events wit,h Im, - mKI < 6 MeV/c2. 

Numerous comparisons have been made between the E791 Monte Carlo and data 
to check our understanding of the detector’s acceptance. Figure ?a and 7b show the 
reconstructed kaon moment.um spectrum and vertex z distributions for both data and 
Monte Carlo R+?T-’s. The data sample is that used previously to count R+A-’S and 
the Monte Carlo spectrum tcontains an 8330/40906 = 20.3% admixture of semileptonic 
events corresponding to the level of background determined from the background sub- 
traction procedure. Both plots show good agreement between real and simulated event 
distributions. 
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Figure 7: Comparison of Monte Carlo (circles) with data (histogram) for u) K L  mo- 
mentum spectrum, b) vertex z distribution. 
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V. RESULTS 

$ 0  

I The K, -* pp branching ratio is calculated as follows: 

a 

where N,, is the number ofpp candidates, N, is the number of T X  candidates, 4000 is a 
prescale factor, tKs is a s m a l l  correction to the number of xT's due to Ks contamination, 
A,/A,, is the acceptance of rr relative to pp, tWL1 is the Level 1 trigger efficiency 

for %?r relative to pp, is the o f b e  pp PID &ciency, E , ~ ~ ~ ~  is 8 correction 
for the &action of T X  events lost due to pion-nucleon interactions in detector material, 
and Br(KL + T+%-) is the measured K- rate as listed in the Particle Data Book4. 
Plugging in the values N,,, = 349 f 20, N, = 32,576 f 300, tKs = 0.989 f 0.005, 
&/A,,,, = 1.134 & 0.022, = 0.977 f 0.004, E , ~ / E , , , , ~ ~  = 1.01 f 0.01, eWPID = 
0.913 f 0.002, gives 
the prelimhry 1990 measurement: 

for pp (accounting for deadtime, etc.), ( E ~ ~ ~ ) / ( C , ~ )  is the Level 3 trigger efiiciency a 

a = 0.97 f 0.01, and Br(KL -+ T+%-) = (2.03 f 0.04) x 

Br(KL 3 p+p-) = 6.96 i 0.40 (stat.) f 0.22 (syst.) x 10". (3) 

(281 events) and (5.8 f 0.6 f 0.4) x 10" &om 1988 data' (88 events). These latter 
This can be compared with previous results (7.6 f 0.5 f 0.4) x 10'' &om 1989 data' 

measurements have been combined using a maximum likelihood fit to give an overall 
1988+ 1989 value' of (7.0 f 0.5) x lo", consistent with (3) above. 
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