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1. Introduction to the Decay KL → π+π−e+e−

1.1. The Amplitudes
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1.2. The CP Violating Asymmetry in the Angular Variable
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It can be shown ( Sehgal and Wanninger, Phys.
Rev. D. 46, 1035 (1992)) that the polar-
ization of the photon will manifest itself as
an asymmetry in the angular variable — angle
φ.

n̂ππ =
~pπ+ × ~pπ−

|~pπ+ × ~pπ−|
n̂ee =

~pe+ × ~pe−

|~pe+ × ~pe−|

ẑ =
~pπ+ + ~pπ−

|~pπ+ + ~pπ−|

sin φ · cos φ = ẑ · [n̂ee × n̂ππ] · (n̂ee · n̂ππ)

Both n̂ee and n̂ππ are axial vectors while ẑ is polar vector and therefore sin φ cos φ is odd
under CP and T transformations. The asymmetry is large and theory predicts the value of
∼ 14%. It can be defined as follows:

A (φ) ≡ Nsin φ cos φ>0 − Nsin φ cos φ<0

Nsin φ cos φ>0 + Nsin φ cos φ<0
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1.3. The Form Factors

Default Parametrization
Parameter Value

|η+−| (2.285± .019)× 10−3

g̃M1 1.35+.20
−.17 ± .04

a1/a2 −.72± .03± .01

Φ+− 43.7◦ ± .6◦

|gE1| < .05· g̃M1 .038± .038

|gP | .15± .08

The Couplings for Each Contribution to the KL →
π+π−e+e− Decay:

• gBR= |η+−|eiδ0(MK) + Φ+−

• gM1 = ieiδ1(Mππ) + Φ+− × F
(

a1
a2

; g̃M1

)
• gE1 = i|gE1|eiδ1(Mππ) + Φ+− × F

(
a1
a2

; g̃M1

)
• gP = −1

3 < R2(K0) > M 2
Keiδ0(Mππ)

• It was realized that the gM1 coupling constant re-
quires a non-trivial vector form factor F

(
a1
a2

; g̃M1

)
which can be parametrized ( by analogy with
KL → π+π+γ ) in the following form:

F = g̃M1

[
1 +

a1/a2

(M 2
ρ −M 2

K) + 2MKEee

]
One can fit the data to the Monte Carlo simulation to extract the parameters.
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2. The KTeV Experiment

2.1. The International Collaboration

University of Arizona

UCLA

University of California, San Diego

Universidade Estadual de Campinas

University of Chicago

University of Colorado

Elmhurst College

Fermilab

Osaka University

Rice University

Universidade de Sao Paulo

University of Virginia

University of Wisconsin
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2.2. The KTeV Detector
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3. The Data
3.1. The Event Selection

KTEV Event Display

/home/ag/ktev/dat/lx5u1/ppee
/scoop97.dat

Run Number: 8564
Spill Number: 288
Event Number: 40732516
Trigger Mask: c
All Slices

 -  10.00 GeV

 -   1.00 GeV

 -   0.10 GeV

 -   0.01 GeV

 -  Cluster

 -  Track

Track and Cluster Info
HCC cluster count: 3
 ID    Xcsi    Ycsi   P or E
T 1: -0.1368  0.3516  -17.74
C 3: -0.1282  0.3494    8.78
T 2: -0.0599 -0.1795   +7.72
C 4: -0.0646 -0.1752    7.66
T 3:  0.6256  0.1140   -5.54
C 1:  0.6241  0.1133    5.45
T 4:  0.4385 -0.4548  +13.74
C 2:  0.4389 -0.4642    0.33

Vertex: 4 tracks
   X        Y       Z
 0.0932  -0.0100  119.396
Chisq=3.20  Pt2v=0.000004
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The Trigger

• Veto events leaving fiducial volume.

• Veto muons which can reach through steel filter.

• Find a reasonable combination of tracks in the
chambers.

• Make sure that events deposit enough energy in
the calorimeter

The Reconstruction

• Find 4 tracks with the same vertex.

• Isolate energy clusters in the calorimeter.

• Verify the event topology.

• Identify pions and electrons using the ratio of En-
ergy over Momentum ( E

P )
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3.2. Observation of the Asymmetry

After this basic cuts one already can clearly see the KL → π+π−e+e− signal and observe the
asymmetry!

Red Histogram — events with sin φ cos φ > 0

Blue ” — ” sin φ cos φ < 0
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3.3. The Possible Backgrounds

• KL → π+π−π0
D with the missing photon is the predominant background.

• KL → π+π+γ ( where γ → e+e− in the material ) looks exactly like signal, except that
the photon is softer and thus this background can be virtually eliminated by doing a cut
on the Me+e− .

• KL → π±e± double decays can be eliminated by the 4 track vertex quality cut.

• KS → π+π−e+e− : only high energy KS ’s will live long enough to reach the decay vol-
ume. Do cut on the energy of the kaon.

• Accidental activity in the detector.
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3.4. Background Suppression and Event Selection

• P 2
t cut on the component of the total momentum (calculated for 4 tracks) transverse to

the line connecting the target and decay vertex.

• Me+e− cut to remove KL → π+π+γ background

• Verify trigger

• pp0kine: a special kinimatic cut against main background KL → π+π−π0
D

• Do some other kimenatic cuts and finally

• Make the kaon mass cut
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3.5. Summary of Main Cuts

• Event has 4 tracks

• Particle ID, i.e. electrons have .95 < E
P < 1.05

• pp0kine < −.025

• Me+e− > .002 GeV/c2

• χ2
vtx < 30.

• 95m < Zvtx < 158m

• P 2
t < 6.E − 5 GeV 2/c2

• Eππee < 200 GeV

• .492 Gev/c2 < Mππee < .504 GeV/c2
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3.6. The Final Event Sample

KL → π+π−e+e−

Red — events with sinφ · cosφ > 0
Blue — events with sinφ · cosφ < 0

Entire KTeV Data Set 5056± 71 events
over the background of ∼ 185

events in the signal region

Mostly KL → π+π−π0
D background

Mπ+π−e+e−
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4. The Measurements
4.1. Maximum Likelihood Fit for the Vector Form Factor

The likelihood function can be defined as follows:

L (~α) =

∏N
k=1 P k

M (~x; ~α) P k
acc (~x)(∫

V PMPaccd~x
)N

where ~x is the vector of measured variables and ~α is the vector of parameters to be
estimated. In our particular case

~α =

(
a1

a2
;gM1

)
~x = (φ, θe+, θπ−,Mππ,Mee)

and the logarithm of the likelihood function can be written in terms of the relative weights
of the event ( data and Monte Carlo )

logL (~α) =

 Nd∑
i=1

logwi (~α)

−Ndlog

Nmc∑
j=1

wi(~α)

wi( ~α0)

A large sample of Monte Carlo events was generated with nominal values of the parame-
ters ~α0 and then each event was re-weighted for any other set of parameters.
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4.1.1. The Contour Plot for the logL
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4.1.2. The New Values for the Vector Form Factor
We performed a maximum likelihood fit of our Monte Carlo Simulation to the Data and
found the following new values for the two parameters in the Vector Form Factor.

g̃M1
= 1.10± .10(stat)

a1

a2
= −.75± .03(stat)

These numbers are in agreement with the earlier published KTeV results:

• a1
a2

= -0.72 ± 0.03(stat)± .009(syst) GeV 2/c2

g̃M1 = 1.35+0.20
−0.17(stat)± 0.04(syst)

( Published in Phys. Rev. Lett. 84, 408 (2000))

• a1
a2

= -0.737± 0.026(stat)± .022(syst) GeV 2/c2

( Published in Phys. Rev. Lett. 86, 761 (2001))
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4.1.3. Data / Monte Carlo Comparison Plots
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4.2. The New Preliminary Measurement of the Asymmetry
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Now we can use the new values of the Form
Factors in our matrix element to measure the
Asymmetry.

A = (13.3± 1.4(stat)) %

Extracted from the 5241 KL → π+π−e+e−

events ( including ∼ 185 background
events).

Agrees with the earlier published KTeV re-
sult:

A = (13.6± 2.5(stat)± 1.2(syst)) %

( Published in Phys. Rev. Lett. 84, 408
(2000))

sin φ cos φ
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4.3. The Systematic Uncertainty

The Study of Systematic Uncertainty
Source Uncertainty on the Parameter

∆a1/a2 ∆gM1
∆A

Background .012 .04 .004
Variation of Cuts .012 .024 .0028

Resolution .003 .008 .005
Limited MC .01 .03 .002

∆gE1
.005 .001 .004

∆gP .04 .10 .002
∆η+− .002 .0003 .003
∆Φ+− .0002 .00015 .0015

Combined .045 .11 .009
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4.4. Plans — What Else Can Be Done?

• Update BR measurement.

• Measure K0 Charge Radius.

• Ettempt to estimate the existance of the E1 Form Factor, i.e. search for CP violating E1

emission.
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5. The Summary

All Results are Preliminary !
• Identified 5241 KL → π+π−e+e− Events with ∼ 185 background

• Reported New Preliminary Measurements

• CP Violating Asymmetry in the φ angular variable.

? A = (13.3± 1.4(stat)± .9(syst)) %

• Vector Form Factor Parameters

? g̃M1 = 1.10± .10(stat)± .11(syst)

? a1
a2

= −.75± .03(stat)± .045(syst)

• These results are in agreement with the previously published measurements and theo-
retical predictions.

• Plans and Future Prospectives:

• Measure new value for the Branching Ratio

• Fit for the parameter gP related to the K0 Charge Radius

• Attempt to fit for the parameter gE1 to search for CP Violating E1 direct emission.
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