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CP Violating Process In
K, - ppe’e

a) Bremsstrahlung -

o 7

CP Violating

b) M1 Direct Photon Emission o+

K¢

CP Conserving

CP violating effect comes from
interference between IB and DE amplitudes.



Critical Angles in K; - p™pe’e

(¢ is an angle between the normals to the ee and T planes
in Kaon center of mass frame.

b

Om+ is an angle between a center of mass O+ is an angle between a center of mass
of two electrons and T+ in pions’ of two pions and et in electrons’
center of mass frame. center of mass frame.



Angular Asymmetry in @
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M1 Form factor

gM1® gM1xF
a

= 2 2 * ta
(M?- MZ)+2M E,
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M, :massof r meson
M :massof K meson

Eg =E , +E_:Virtud photon Energy in Kaon CM frame
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E.J.Ramberg et al., Phys. Rev. Lett. 70, 2525(1993)



Recent Experimental Status

Recent Publication:

Branching Ratio

(3.2X% 0.6(stat.)x 0.4(syst.))Xx 107

Based on 46 events(one day of data) by KTeV

J.Adams et al., Phys. Rev. Lett. 80, 4123(1998)

Our analysis shown here based on whole(90 days) dataset.



KTeV Detector (plane view)
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Spectrometer(Magnet + Drift Chambers)

Measure the momentum of a charged particle

Electromagnetic Calorimeter

Measure the energy of a photon
Particle identification



Spectrometer(Magnet + Drift Chamber)

Purpose: charged track trajectory reconstruction
vertex reconstruction
Measure the momentum of a charged particle

4 Drift Chambers(DC1 - DC4)

Spatial resolution : 100Mm

Analysis Magnet (between DC3 and 4)

Transverse momentum kick: 205 MeV/c

Momentum Resolution:

S ,
—7.=0.016%" p(GeV/c) A 0.38%
p



Electromagnetic Calorimeter

Measure the energy of a photon
Particle identification

3100 Csl crystals(27 rad. lengths)

Energy Resolution:

Sp—_ 0% - 206%
E JE(GeV)
1.9m
e 1.9m

Beam Direction /
0.5m




Electrons from K —mney
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K, - P*pe*e Signal Selection

Strategy

4 charged tracks sharing a common vertex.

|dentified 2 pions and 2 electrons
Including charge consistency

Invariant mass forms K,_mass

Total momentum consistent with
KL flight direction

Constraint from other kinematics relations



Csl calorimeter

Signal: K - p*pe‘e

Csl calorimeter
BG: K - PP P




Background sources

K, ®p'ppy(p’°® e'eg)

K, ®p'pppP’®ceee)

K, ®p'pp°(p°® w)

gconversion at material(g- e*e’)

K, ®p'pg

gconversion at material(g- e*e’)

X® L(® pp )p,(® e'eg)

(K,®pen)+(K, ®pen)



Background distribution
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Total Momentum(ppee) Cut
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Total Momentum Cut:

i

Data and Background MC Overlay
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Vertex C%(quality) Cut:
Data and Background MC Overlay




Mee Cut
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Mee Cut:
Data and Background MC Overlay
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p,> Cut
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p,? Cut:
Data and Background MC Overlay
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PpOkine Cut
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PpOkine Cut
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PpOkine Cut:
Data and Background MC Overlay

£ | |
& o B T L LT T e T
= C 2 f\(+—>_-pfr Ity
S C Kyi— mmy
= C kel Double Decay
2 L Ki—> ntfm
g Ki—> o iy
s | : :
JTL‘;I 3 EnpERELEELELEELEEE ELELCECELEEEELEERE (LRELEECERREEREREREREREREEREREEE, TRl R L L EL R L L L LR LR
= Accepi;ed
e 2 e NN IRl T
It =
j‘ Py

-0.04 -0.03 0.02 -0.07 ] 07 002 8.03 0 04

Pplkine (GeV ")



Data after all the cuts
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Background Estimation

Background Efficiency #Background
K, ®p'pp,(p°® e'eg) 2.4x 108 9.0% 3.0

K, ®ppp,P°®ceee)
27 X% 10-7 0.3 0.2

K,®p'pp'P°®mW) <12x101  <0.8(90%CL)

K, ®p'p’g <3.0x10®%  <0.7(90%CL)

X® L(® pp p3(® e'e'g) <0.7(90%CL)

(K, ® p'en)+(K, ® p e'n) 20+ 1.4

11.3* 3.5



Normalization with K, ® p ol pg
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Winter 1301650 1.421 x 101
Summer 814227 0.922 x 10

Total 2115877

(2.343+ 0.002(stat.)+ 0.085(syst.)) x 10



Form Factor Measurement

M1 Direct Photon Emission xt+
KL / w
,fk
gM1 et

eM1® gM1xF
4

F = 5 5 —+aqa
(Mr - MK)+2MKEg

2

a,la,,a, Extracted from 5 parameter
Maximum likelihood method.

My Mg, f,cosq .,cosq,. In Kaon CM frame



Form Factor Fit Result
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MppP Comparison

ArbiErnry Lns
=
L

Form Factor
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Constant gM1




CP violating Angular Asymmetry

= 0
02dG . o dg . 1A

~= + ~=
Q yr df Q/de df

Sehgal and Wanninger
Phys. Rev. D46, 1035(1992);ibid D46,5209(E)(1992)



Angular Distributions
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The Raw Asymmetry

Nsinf cosf >0 = 719
Nsinf cosf >0 = 454
y — Ns'nf cod >0 Ns'nf cod <0
Syni —
Ns'nf cosf >0 + Ns'nf cosf <0
=0.237£0.029(stat.)
MC study

MC with input asymmetry of 0.147 gave
the raw asymmetry of 0.258.

Acceptance correction should be applied to
the raw asymmetry.



Before proceeding to
the acceptance correction...
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Input-Raw asymmetry relation
with Monte Carlo Simulation
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Raw asymmetry in different Mass region
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MC study on the relation
between input and raw asymmetries
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Raw Asymmetry...

Measured raw asymmetry of data is 0.237x 0.029(stat.)
while the MC with input parameter of 0.147 gave
the raw asymmetry of 0.258.

The detector or analysis did not induce the raw asymmetry.
This is also supported by the signal MC with zero input
asymmetry.

The input and raw asymmetry have the simple linear relation
which suggests the asymmetry enhancement.

The KTeV detector only accepted events with high momentum
electrons. Those events showed the large asymmetry.



Singal Acceptance in f
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Acceptance Corrected Data and MC
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Detector Smearing
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Detector Smearing; continue

b)

P

Analysis Magnet

X track swapping causes the dilution.

Track insinf cosf region ® - sinf cosf region



Detector Smearing; continue
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Systematic Uncertainty

Detector resolution 8.7%(0.011)

M1 form factor 2.4%(0.003)

Physics Input parameter 6.9%(0.007)

Vertex quality 0.8%(0.001)

DC ineff. <0.1%(0.000)

Background subtraction 0.9%(0.001)

Analysis dependency 4.7%(0.005)

Total 12.4%(0.016)



Asymmetry: Result

Asym. =0.127%x 0.029(stat.)x 0.016(syst.)

Theoretical Prediction

Asym. ~ 14%

Sehgal and Wanninger
Phys. Rev. D46, 1035(1992);ibid D46,5209(E)(1992)



Branching Ratio Measurement

Recent Publication:

(3.2% 0.6(stat.)x 0.4(syst.))x 10
Based on 46 events(one day of data) by KTeV

J.Adams et al., Phys. Rev. Lett. 80, 4123(1998)



Data Selection

Relax pt2 cut and PpOkine cut to increase
acceptance.

Pt2 cut : <0.00006 GeV?/c? - <0.00010 GeV?/c?

PpOkine cut : <-0.0025 GeV?/c? - N/A

#events in the signal region

1173 events — 1731 events



Mass distribution after final cuts
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Pt2 Sideband

0.00010 GeV?/c? <pt? <0.00020 GeV?/c?
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Background Estimation

Background #Background
K,®pppip’® e'eqg) 169.2+ 13.0
K, ®p'pppP’®eeee) 32.2+ 3.2
K, ®ppp’p’® m) 46.7% 2.0
K, ®ppg 3.3+ 0.6

X® L(® pp )p,(® e'eq) 0.99+ 0.14
(KL ® p+e-n)+(KL ® p-e+n) 3.0+ 1.7

255.4* 13.7



Signal peak after background subtraction
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Statistical/Systematic Uncertainty(BR)

Statistical Error 3.13%
BR(K, ® p'p'p;) 3.14%

Physics Input parameter 2.60%

Normalization 0.33%
Chamber inefficiency 0.17%

Vertex quality 0.87%
MC statistics 0.25%

Background subtraction 1.6%

Analysis dependency 0.7%

) A 4.08(syst.,... )%

interna externa

Total (3.13(stat.) A 2.00(syst.



Branching Ratio: Result

(3.55*+ 0.11(stat.)x 0.07(syst.internal)
+ 0.14 (syst.external))X 1077

Based on 1475.6 events

Good agreement with recent experimental result;
(3.2% 0.6(stat.)x 0.4(syst.))x 107

J.Adams et al., Phys. Rev. Lett. 80, 4123(1998)

And theoretical prediction;
~3X 10

Sehgal and Wanninger
Phys. Rev. D46, 1035(1992);ibid D46,5209(E)(1992)



Discussion: Asymmetry Measurement

Origin of the asymmetry

Final State Interaction: negligible.
(M.J.Savage,1999)

T Violation: (strictly speaking,)rejected.

CPT Violation: unnatural, but not yet rejected.

(J. Ellis and N.E. Mavromatos, 1999)
(I.1.Bigi and A.l.Sanda, 1999)

CP Violation/CPT Conservation:
Most probable interpretation.

(L.M.Sehgal and M.Wanninger, 1992)



Conclusion

CP Violating Angular Asymmetry

Asym. =0.127%x 0.029(stat.)x 0.016(syst.)

Form Factor Measurement:

a,la,=-0.68470

a, =1.05+0.14

Branching Ratio

(3.55*+ 0.11(stat.)x 0.07(syst.internal)
+ 0.14 (syst.external))X 1077

Based on 1475.6 events
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¢ CP violation , CPT holds (Sehgal - Wonninger )
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CPLEAR
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