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The Final Measurement of ε′/ε from KTeV

• Introduction to ε′/ε
• The KTeV Experiment
• Overview of Analysis
• Measurements of ε′/ε and other K0 parameters
• Other KTeV results
• Summary

Ed Blucher
University of Chicago

KTeV: Arizona, Chicago, Colorado, Elmhurst, Fermilab, Osaka, Rice, 
Sao Paolo, UCLA, Virginia, Wisconsin
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To distinguish between direct and indirect
CP violation, compare KL,S→π+π−,π0π0:
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Re(ε′/ε) = (20.7 ± 1.5(stat) ± 2.4(syst)) × 10-4

= (20.7 ± 2.8) × 10-4

KTeV 2003 Result
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• 2003 result based on ~3 million KL → π0π0 decays from 1996 and 1997
– σstat = 1.6 × 10-4

• 1999 dataset contains ~3 million KL → π0π0 decays
– σ stat = 1.6 × 10-4

• Full data sample:  σ stat = 1.1 × 10-4

KTeV Data Samples
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Re(ε′/ε) Systematics (2003)

2008 analysis of full data sample includes many
improvements in charged and neutral event reconstruction
and simulation.
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• Charged particle momentum
resolution < 1% for p>8 GeV/c;
Momentum scale known to
0.01% from K→π+π−.

• CsI energy resolution < 1% for
Eγ > 3 GeV; energy scale known
to 0.05% from K→πeν.

The KTeV Detector

For EK ~ 70 GeV, KS: γβcτ ~ 3.5m
KL: γβcτ ~ 2.2 km

KL + ρKS

KL
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9Invariant Mass Plots

KL→π+π− “KS→π+π−”

KL→π0π0

“KS→π0π0”

Mass resolution is ~1.5 MeV/c2

for both decay modes.



10Backgrounds and event yields

• Misidentified kaon decays
– For K→π+π-: KL→πeν,  KL→πμν
– For K→π0π0: KL→π0π0π0

• Scattered K→ππ events
– From regenerator and final collimator

• Backgrounds are simulated with MC, normalized to data sidebands,
and subtracted

• Background level is ~0.1% for charged mode and ~1% for neutral 
mode.

Main classes of background:

Vacuum Beam Reg. Beam
K→π+π− 25,107,242       43,674,208
K→π0π0 5,968,198 10,180,175

KL “KS”

After background subtraction:



11Reconstructed Vertex z Distributions
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0.1% shift in E scale: ~3 cm shift in vertex; ~1×10−4 shift in ε′/ε

Reconstructed Vertex z Distributions
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Acceptance Correction

•A detailed Monte Carlo simulation based on  measured detector 
geometry and response is used to calculate acceptance as a 
function of p,z, and beam (reg or vac).

•Includes effects of accidental activity.

More complete treatment of particle interactions with matter:
• Ionization energy loss
• Improved Bremsstrahlung
• Improved delta rays
• Hadronic interactions in drift chambers

Improved electromagnetic shower simulation:
• Shower library binned in incident particle angle
• Simulate effects of dead material (wrapping and shims) in CsI
calorimeter

Many improvements compared to 2003 analysis:
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2003 data / MC current data / MC

Fraction of energy in 49 crystals for
electron shower

20-30 mrad incident angles used

Monte Carlo Improvements: Simulation of photon angles
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Improved Modeling of  Energy Nonlinearities

Data Data

MC MC

Data

MC

Data

MC

2003                   Current 2003                   Current

Mass vs. Energy Mass vs. Photon Angle
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Systematic Uncertainties in Re(ε′/ ε)

Reduced 
from 1.47
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• Use MK vs EK plot to determine 
distortion that provides best data-
MC match

• 0.1%/100 GeV nonlinearity 
applied to data for 1997 and 1999

• 0.3%/100 GeV nonlinearity for 
1996

• Change in Re(e′/e)
– 1996: -0.1 × 10-4

– 1997: -0.1 × 10-4

– 1999: +0.2 × 10-4

• Systematic error: ±0.15 × 10-4

Nominal 
data

MC

Distorted 
data

Uncertainty from Energy Non-linearity
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1999:
z shift = 2.7 cm
energy scale 
adjustment = 0.05% 

Calorimeter Energy Scale

•Calorimeter calibrated with 1.5 billion momentum-
analyzed electrons from K→πeν
•Final energy scale adjustment based on K→π0π0 at 
regenerator edge

Before E scale
correction

After E scale
correction
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Energy scale fixed at regenerator
edge check scale at vacuum
window.

Uncertainty in Re(ε′/ε):
±0.65 × 10-4
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Data – MC comparisons of z vertex distributions

data

MC
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KTeV Result: Re(ε′/ε) = [19.2 ± 1.1(stat) ± 1.8(syst)] × 10-4

= (19.2 ± 2.1) × 10-4

World average:
Re(ε′/ε) = (16.8 ± 1.4) × 10−4

(confidence level = 13%)

(KTeV 2003: Re(ε′/ ε) = [20.7 ± 1.5(stat) ± 2.4 (syst)] × 10-4)
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Re(ε′/ε) Cross checks

Momentum Bins

Run Ranges



23KL - KS Interference Downstream of Regenerator
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24Fit Strategy for z-binned Fits

• In contrast with Re(ε′/ε) fit, in which a single ~50 m z bin is
considered, we now fit the regenerator beam data in 2 m z bins.
• Float Δm=mL−mS, τS, φε, Re(ε′/ε), Im(ε′/ε) with no CPT assumption.
• CPT constraint (φε=φSW and Im(ε′/ε)=0) then applied a  posteriori
to find best values τs, Δm.
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NA48+KTeV

z-binned Fit Results

φε = (43.86 ± 0.63)°
φε - φSW = (0.40 ± 0.56)°

Δφ = (0.30 ± 0.35)°

All results consistent with CPT symmetry



26φ+− and Δφ

KTeV 2003: φ+− = (44.1 ± 1.4)° KTeV 2003: Δφ = (0.39 ± 0.50)°



27z-binned Fit Results (cont)

CPT constraint applied:
Δm = (5269.9 ± 12.3) × 106 ħs-1

τS = (89.623 ± 0.047) × 10-12 s

No CPT constraint:
Δm = (5279.7 ± 19.5) × 106 ħs-1

τS = (89.589 ± 0.070) × 10-12 s
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Δm and τS

KTeV 2003: Δm = (5261 ± 13) × 106 ħs-1 KTeV 2003: τS = (89.65 ± 0.07) × 10-12 s
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Other Recent KTeV Results

Searches for lepton flavor violation:

B(KL→π0μe)<7.6×10-11 (90% CL)

B(KL→π0μe)<1.7×10-10 (90% CL)

B(π0→μe)<3.6×10-10 (90% CL)

π0 Physics using KL→π0π0π0 decays

B(π0 →e+e−e+e−) =(3.26±0.18)×10-5

(+ new determination of π0 parity)

arXiv:0711.3472
accepted by PRL

arXiv:0802.2064
submitted to PRL

0 0( ) / ( )
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= ± ±

Prel., paper in
preparation
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• Re(ε′/ ε) = (19.2 ± 2.1) × 10-4

• Δm = (5269.9 ± 12.3) × 106 ħs-1

• τS = (89.623 ± 0.047) × 10-12 s 
• φe = (43.86 ± 0.63)°
• φ ε - φSW = (0.40 ± 0.56)°
• Δ φ = (0.30 ± 0.35)°

Assuming CPT

No CPT assumption

•Direct CP violation measured precisely:

Summary
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KTeV Preliminary:

•Future lattice calculations may make these precise measurements
equally precise tests of the Standard Model.

•All measurements consistent with CPT symmetry.
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