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1. Outline

1 Introduction. Motivation for KL → π+π−e+e−. CP violation [ CPV ]
in this decay. Other physics.

2 KTeV Experiment. Data acquisition and basic decay reconstruction. Ob-
servation of CPV .

3 Selection of KL → π+π−e+e− candidates. KTeV Monte Carlo simula-
tion. Residual background level estimation.

4
Phenomenological model used in KTeV MC. Measurement of decay form
factors within this model. Implications for charge structure of neutral
kaon and additional CPV effect.

5 Measurement of CPV in KL → π+π−e+e− . Summary of results. Com-
parison to previously published measurements.
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2. Amplitude has two major contributions: IB and M1 DE

γ
?

KL

π
+

π
−

e+

e−

1

+ γ
?

KL
π

+

π
−

e+

e−

1

Internal Bremsstrahlung [ IB ]
Indirect CPV
CP-even

Direct Emission [ DE ]

M1 — CP Conserving
CP-odd

γ
?

KL

KS
π

+

π
−

e+

e−

Small, only few %

K0 Charge Radius [ CR ]
CP Conserving
CP-odd

E1 — Indirect CPV
CP-even
Even smaller

Sehgal et al
published in
1992 — 2000
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3. Five independent variables describe decay kinematics
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4. Interference of CP-even and CP-odd amplitudes gives CPV

dΓ
dφ =Γ1sinφcosφ + Γ2cos2φ + Γ3sin2φ, Γ1 6=0 ⇒ CPV

+ +

Asymmetry A =

π/2∫
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3π/2∫
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π∫
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2π∫
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=
Γsinφ·cosφ>0 − Γsinφ·cosφ<0

Γ ∼ Γ1 is measurement of CPV
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5. Possibility of additional CPV effect: E1 DE
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1. Direct emission of E1-γ
suppressed by η+− ,
but if observed
⇒ indirect CPV

2. Experiments show

KL → π+π−γ =⇒ M1 is large

KS → π+π−γ =⇒ E1 is very small
[

|gE1|
|gM1|

< 5%
]

Why?
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6. Kaon charge structure can be measured from FF
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7. KTeV collaboration: ∼ 70 people from 14 institutions

Two related experiments:
E799-II ⇒ rare kaon decays
E832 ⇒ Re

(
ε ′/ε

)
University of Arizona
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University of California, San Diego

Universidade Estadual de Campinas

University of Chicago

University of Colorado

Elmhurst College

Fermilab

Osaka University

Rice University

Rutgers University

Universidade de Sao Paulo

University of Virginia

University of Wisconsin
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8. KTeV detector and runs

Jun Jul Aug Sep Oct Nov DecJan Feb Mar Apr May

Jan Feb AprMar May Jun Jul Aug Sep Oct Nov Dec

1996

1997 E799

Startup E832

E832 E799

E832 E7991999

! magnetic field
was changed in ′99
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9. KTeV 4 track trigger was designed for KL → π+π−e+e−

Level 1 Scintillators: no escaping particles, no muons, ≥ 3 hits in hodoscopes.

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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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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Level 2 Drift chambers: ≥ 3 tracks.
EM calorimeter: 2 clusters > 1 GeV and total > 10 GeV .

Level 3 Software: at least 3 tracks with good vertex.

Recorded 400M trigger events from ′97 and ′99.
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10. Off-line particle ID and signal recontruction

P
Good decay vertex with 4
tracks. Momenta from bend-
ing in magnet [∆P/P < 1%].
Loose momentum conservation.

E Clusters in calorimeter. Particle
energies [∆E/E < 1%].

E
P

Distinguish π′s from e′s using
the ratio of energy over momen-
tum for each particle.

ID ππee with correct combination
of charges.
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Reduced 400M triggers to ∼ 4M events
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11. Can observe signal and asymmetry at early stage

Clear signal
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Although B ∼ 3 · 10−7 can see A ∼ 10%

Visible asymmetry

— sinφ·cosφ > 0

— sinφ·cosφ < 0
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12.
[
P 2

L

]
π0: effective cut to reduce major background
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Very effective against KL → π+π−π0
D background
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13. P 2
t : cut on momentum conservation

P 2
t =

 4∑
i=1

(pt)i

2 Transverse P 2 of 4
tracks relatively to kaon
line of flight
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K L

top view
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Against backgrounds with missing particles
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14. Summary of main cuts

Reduced backgrounds and cleaned up the sample

1. Event has 4 tracks

2. Particle ID, i.e. electrons have 0.95 < E
P

< 1.05

and pions have E
P

< 0.9 or E
P

> 1.1

3.
[
P 2

L

]
π0 < −0.025 GeV 2/c2

4. Mee > 0.002 GeV/c2

5. 95m < zvtx< 158m

6. P 2
t < 6 × 10−5 GeV 2/c2

7. Eππee < 200 GeV

8. 0.492 GeV/c2 < Mππee < 0.504 GeV/c2

Selected 5241 KL → π+π−e+e− candidates
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15. Selected sample of KL → π+π−e+e− candidates

Clean signal after all cuts
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— sinφ·cosφ > 0

— sinφ·cosφ < 0 Background has no asymmetry
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16. Background is well understood
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with missing γ

11% Ξ → Λπ0

Λ → pπ−, π0 → e+e−γ

misidentified p and missing γ

1% KL → π+π−π0, π0 → e+e−e+e−

2 e′s are missing

0.5% KL → π+π−γ, γ → e+e−

external conversion

Sum fits Gaussian + 5th order polynominal
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17. Selected large KL → π+π−π0
D normalization sample[

KL → π+π−π0, π0 → e+e−γ
]
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selection as
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1. reconstruct γ and π0

2. looser P 2
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3.
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π0 > 0

Large sample
no background
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18. Used MC for signal and backgrounds simulations
monte carlo simulations

kaon simulation:
Generation at the BeO target.
Propagation along the beamline to the decay point.

kaon decay into appropriate final state:

Four amplitudes: Brem, DE(M1), DE(E1), Charge Radius.
Radiative corrections by PHOTOS package.

tracing through the detector:

GEANT-based parameterization of scattering, secondary parti-
cle generation, showering.
Detector responce simulation and digitization of the signals.
Accidental activity by real random snapshots of the detector.

The MC simulations of the detector responce were verified in
DATA/MC comparisons for high statistics mode KL → π+π−π0

D
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19. MC simulates KL → π+π−π0
D data very well
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20. Phenomenological model used for signal MCmatrix element
Inner Bremsstrahlung: gBR = |η+−|ei(δ0(MK)+Φ+−)

M1 direct emission: gM1 = i|gM1|eiδ1(Mππ)

E1 direct emission: gE1 = −i |gE1|
|gM1|

gM1eiΦ+−

Charge radius amplitude: gCR = |gCR|eiδ0(Mππ)

δ0 and δ1 are phases of s- and p-wave ππ scattering. We used recent
fits from G.Colangelo et al, Nucl. Phys. B603, 125 (2001)

|gM1| is energy dependent:

|gM1| = g̃m1

[

1+
a1/a2

(M2
ρ +M2

K)+2MKE∗
γ

]

Parameters g̃m1, a1/a2, |gE1|
|gM1|

, and |gCR| were measured using KTeV
sample of KL → π+π−e+e− decays
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21. Maximum likelihood fits for FF’slikelihood function
We used maximum likelihood method for measurement of
parameters α = {g̃m1,a1/a2,

|gE1|
|gM1|

, |gCR|}

Log-likelihood function, most general form,

lnL (α) =
Nd

∑
i=1

ln





A(βi)
dΓ(βi,α)

dβ
∫

PS A(β )dΓ(β ,α)
dβ

dβ





β = {Mee,Mππ ,φ ,cosθπ+,cosθe+} are five independent kinematic
variables for matrix element; A(β ) is the acceptance function;
dΓ(β ,α)

dβ
is the differential decay rate

We used MC sample of 1.4 million events generated at
α0 = {g̃m1 = 1.2,a1/a2 = −1.73, |gE1|

|gM1|
= 0.0, |gCR| = 0.16}.

Log-likelihood function, more practical form,

lnL (α) =
Nd

∑
i=1

ln
dΓ(βi,α)

dβ
−Ndln

Nmc

∑
j=1

dΓ(βj,α)/dβ

dΓ(βj,α0)/dβ
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22. Summary of systematic uncertainties
fit uncertainties

Source |gCR| |gE1|/|gM1| a1/a2 g̃m1
MC statistics 0.001 0.001 0.002 0.001
Choice of α0 0.001 0.001 0.005 0.02
DATA/MC disagr. 0.021 0.018 0.022 0.041
Background 0.01 0.008 0.022 0.05
Radiative Corr. 0.0 0.0 0.0 0.0
|η+−| uncertainty 0.002 0.0002 0.0001 0.01
Φ+− uncertainty 0.0002 0.0005 0.0003 0.002
δ0,1 uncertainty 0.001 0.0003 0.001 0.004
Total Syst. Error 0.023 0.020 0.032 0.07
Total Stat. Error 0.017 0.028 0.022 0.12
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23. Estimated statistical errors with signal MC
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24. Fit results for magnetic dipole FF
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1.25

1.5

-0.8 -0.7

KTEV(ππee), THIS RESULT

KTEV(ππee), PRL 84,408(2000)

NA48(ππee), EPJ C30,33(2003)
KTEV(ππγ), PRL 86,761(2001)

a1/a2 [ GeV2 ]

~ g M
1

90% C.L.
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25. Result for CPV electric dipole FF

CPV E1 direct emission [ DE ] amplitude is

|gE1|/|gM1| results

|gE1|

|gM1|
≤ 0.04 (90%CL)

CP-violating E1 direct emission amplitude is

This is a first attempt for direct measurement of this amplitude in
KL → π+π−e+e−
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First attempt for direct measurement of this amplitude in
KL → π+π−e+e− Similar

Similar measurement of E1 DE was done at Virginia using
KL → π+π−γ decays
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26. Charge radius FF and
〈
r2
K0

〉
calculation|gCR| results

H.Foeth et al,

PL B30,276(1969)

F.Dydak et al,

NP B172,253(1976)

W.R.Molzon et al,

PRL 41, 1213(1978)

NA48

EPJ C30,33(2003)

KTeV

This Result

K
0
 CHARGE RADIUS  [ fm

2
 ]

-0.1 0 0.1

|gCR| = 0.163±0.017(stat)±0.023(syst)

|gCR| = −1
3〈R

2
K〉M

2
K

〈R2
K〉 is K0 charge

radius

Previous published
measurements of 〈R2

K〉
are based on kaon
regeneration on free
electrons.

NA48 and KTeV
measurements are
based on
KL → π+π−e+e−

KTeV result:
〈R2

K〉 = −0.077±0.014 fm2
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27. Estimation of quark mass difference〈R2
K〉 vs quark mass

mass difference ms-md [Mev/c
2
]

-<
r2

>
(K

0
)

[f
m

2
]

W.I.Giersche, C.R.Munz, Phys. Rev. C53 (1996) 2554

0

0.025
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0 100 200
0

0.025
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0 100 200

The K0 charge radius is most sensitive to the mass difference
between the strange and down quark mass

Average of last 3 measurements 〈R2
K〉 = −0.076±0.011 fm2

Theoretical predictions
are from Phys.Rev. C53
(1996) 2554:

covariant quark model
based on Salpeter
equation

md +ms fixed at 560 MeV
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28. Fitted KL → π+π−e+e− MC agrees well with datadata/mc comparison

DATA

MC

ππee INVARIANT MASS [ GeV/c
2
 ]

E
V

E
N

T
S

 P
E

R
 0

.4
 M

e
V

/c
2

0

200

400

0.495 0.5

Monte Carlo simulation of KL → π+π−e+e− events with newly
determined parameters of the model

Invariant mass of π+π−e+e− for sample of 5241 signal
candidates (DATA) superimposed on MC simulations.
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29. Data/MC: Mee & Mππ

DATA
MC

e
+
e

-
 INVARIANT MASS [ GeV/c

2
 ]

E
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E
N

T
S
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DATA
MC

π
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-
 INVARIANT MASS [ GeV/c

2
 ]

E
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E
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T
S

0
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400

600

0.3 0.4 0.5

e+e− invariant mass
for DATA and Monte
Carlo events. The
events are required to
have Mee ≥ 2 MeV/c2

to suppress
KL → π+π−γ decays
with external
conversions

π+π− invariant mass
for DATA and Monte
Carlo events.
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30. Data/MC: cosθe & cosθπ

DATA

MC

COS(θ
π
+)

E
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E
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T
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Angle between π+

and e+e− system in
π+π− rest frame for
DATA and Monte
Carlo events

Angle between e+

and π+π− system in
e+e− rest frame for
DATA and Monte
Carlo events
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31. Data/MC: φ & sinφ·cosφ

DATA

MC

ANGLE φ [ rad ]

E
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DATA
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Parameter sinφcosφ for
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π+π− and e+e− planes
for DATA and Monte
Carlo events
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32. A must be corrected for background and acceptance
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33. Detector does not produce asymmetry
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34. Results and comparison to previous measurementscp-violation results

KTeV
PRL 84,408(2000)

NA48
EPJ C30,33(2003)

KTeV
This Result

Asymmetry [ % ]

10 20 30

Asymmetry after acceptance corrections:

A = 13.7±1.4(stat)±1.5(syst)[%]

The result is in very good agreement
with previously published
measurements. Predicted at ∼14%

Systematics:

Source [%]
DATA/MC disagr. 0.71
Background 0.3
|η+−| uncertainty 0.16
Φ+− uncertainty 0.11
δ0,1 uncertainty 0.33
|gE1| uncertainty 0.33
|gCR| uncertainty 0.34
g̃m1, a1/a2 errors 0.34
Total Syst. Error 1.46
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35. Summary of all results

1 Sample of 5241 KL → π+π−e+e− candidates was selected from entire
KTeV dataset. Estimated background 185 ± 14.

2 Form factors of individual contributions to the decay amplitude were
measured: g̃M1 = 1.11 ± 0.12(stat) ± 0.07(syst)

a1

a2

= [−0.744 ± 0.022(stat) ± 0.032(syst)] (GeV )2

|gCR| = 0.163 ± 0.017(stat) ± 0.023(syst)

|gE1|
|gM1|

< 0.04 (90% CL)

3
Calculated from FF’s 〈|gM1|〉E?

γ
= 0.74 ± 0.04

〈|gE1|〉E?
γ

< 0.03 (90% CL)〈
r2

K0

〉
= [−0.077 ± 0.008(stat) ± 0.011(syst)] (fm)2

4
Measured CPV asymmetry:

A = [13.7 ± 1.4(stat) ± 1.5(syst)] %
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36. Thank you !

... questions?
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