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KTeV Physics

CP Violation

— K g — nm, €

— Charge asymmetry 0 in K3
— CP violation in K; — nwmee

Best limits on modes with possible direct
CP-violating contributions
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EM processes K — v*v and K; — v*v*
— K — ppy

— K1 — eey

— K1 — eeee

— K1, — eeuu

Lepton Flavor Violating Modes
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— 19 — pe
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EM Decays of the K7y,

K; — ~v*y and K;, — v*v*

If these processes could be understood well, one
might be able to extract the CKM parameter p

from K; — ptp~

K — v*v can be probed with

o Ky — ppy
o K; — eey

K1 — v*y* can be probed with
o K; — eecece
o K; — nuee



Ky — pp”

Short Distance Long Distance

U,C,t \ A Vu

BR(Kr — ptp”) = |ReAl” 4 |ImA|?
Absorptive: Calculated exactly from K — vy

IImA|? = (7.07 £ 0.18) x 10~ ?, Unitarity Bound
|IReAcep|® < 3.7 x 107'% (90% C.L.)

Dispersive: SD and LD components

ReA = ReAsp + ReArp
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If one can determine ReA p, one can extract a limit for the
CKM matrix element p.

Arp can be written in terms of a form factor f(q%, qg) and
BR(Ky — v7v).

Understanding long distance physics=understanding f(q%, ¢3)



K; — l+l_’)/

Kp = vy =1ty

Bergstrom, Massé, Singer

2 long distance contributions

KL 7T0=77:77’

A1(q?) Y Ak (q%)

f(a@*) o< A1(d®) + ax+ Ak (¢*)

Connect to f(q%,q3) by evaluating ReArp for the
case of one v* originating from a vector meson
(PV~ vertex), and the case of two v*’s coupled to
vector mesons (PVV vertex), leading to

(—5.1—11.0ax+)X107° < ReArp < (—2.9—10.2ax*)x107°

Applies to K1, — ppy and K1, — eevy



Kp — Tl y and [TI7171

D’Ambrosio, Isidori, Portolés

Ki — v"~" form factor:

2 2 2 2

2 2 q q q1 9

flai,q3) =1+« 2—12+2—22 + 8 —
g7 —m, a5 —my, (q% —m%) (qg —m%)

e General parameterization compatible with a Chiral
Perturbation Theory expansion

e Includes characteristic long distance pole behavior

e No specific diagrams of long distance processes are
assumed

e Reduces to K — ~"v form factor by setting qg =0

Dispersive long distance contribution is given in terms of
BR(KL — ’YFY), o, and B

aprp is directly accessible through K7 — 717 .
Bprp is directly accessible through K; — ppee and
K1, — eeee (but hard)



KTeV Detector
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The KTeV detector has outstanding

e Electromagnetic calorimetry

e Charged particle tracking

e 7/e/u separation

e Vetoes on activity outside the fiducial region

KTeV took data in 1996/97 and 1999/2000. The total
Kaon fluxes were 2.4 x 10'" in 97 and 3.6 x 10! in 99



Ky — pp™y

1500

9105 Signal Events
0.490 GeV/c’ <m,, ., < 0.506 GeV/c’

Signal:Background = 41:1
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0,6
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High statistics and low background allow for precision
measurements of the BR and form factors.

BR(Kr — ptpu~v) = (3.62 4 0.0454¢ £ 0.08,y5) x 1077




Measurement of o+

a* i1s determined by calculating the NLL of the data being
consistent with MC distributions generated at various values
Of A * .

10000 MC ’Data’ sets are generated with the measured o xx.
The NLL method is used to measure a g+ for each of these
sets, and the width of that distribution is a check on the error.

Ol = =0.19310.035

36500 |-

Negative Log-Likelihood

-0.275 -0.2 -0.125

Closeup of Function Minimum

36000

35500 ————————————



Measurement of a -

Branching Ratio

Integrating the differential decay rate with the BMS form
factor yields the expression

BR(Ky — p"p~v)/BR(KL = v7) =
(14.33a%+ — 51.91a k= + 55.52) x 10~ °
With our measurement of BR(Ky — p"p~ ) and the PDG
value for BR(K — vv),

BR __ +0.038

Dimuon Mass Shape

The systematic error on the shape anaylsis result is dominated
by the cut on track momentum. Including systematic error,

Shape __ +0.035
aShare = _0.19370-035.

Combined

Combining these two measurements we find

ar = —0.16010 055




Measurement of aprp

+0.14

o=-1.733,

Likelihood

36200 -

Dimuon Mass Shape

Negative Log

0.28
Including the

systematic error, 36000 "F

aShare — _ 1. 73-_|-8~ ié _ -1.975 -1.75 -1.525

Closeup of Function Minimum

35800 -

35600 -

Branching Ratio

Integrating the differential decay rate with the DIP form factor

f(w):1+a(m)a

and using our measurement of BR(K — ,u+,u_'y) and the
PDG value for BR(K — v7v), « is calculated to be

oB® = —-1.38 +0.12.
Combined

Combining these two measurements we find

aprp = —1.54 = 0.10




Ky — ete™ry

e This decay also proceeds through K; — ~v*v
and should provide an independent means of
measuring the form factors ax- and apjsp.

e Radiative corrections are important for the
electron modes. The Colorado group has
implemented full radiative corrections to

O(a?), included are diagrams shown below.

Ky, Ky,

Ky



Ky — ete™ry

The statistics are high, background is low in this
mode, as can be seen in the M, plot:
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BR(K — ete )=
[10.192 + 0.036,¢0t & 0.0735ys & 0.285051 sys] X 107°

based on 92269 events



K1, — ete~ v Form Factors

Both ax+ and aprp can be measured in this
mode. The sensitivity of M. to ax+ is shown
below. In each plot the points are the data and
the colored histograms are Monte Carlo using
different values of ag~ as input (+.02, 0.,-0.16

and -.36).
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K — ete v Form Factors

From K — eey we extract the form factors
ap+ = —0.186 £ 0.011544¢ £ 0.0094y,

Oprp — —1.63 + O.O38Stat + 0.0285y5
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1015 — + KTeV wuy
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Recent results for a g+, from NA48 and KTeV.



Kp—ete utu~

In the full KTeV data set we have 132
K1 — eeuu events.
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Mee,,, showing both signal and background (above)
and expanded view of the signal region (below).

BR(K; —ete utu™) =
2.69 4 0.244a: £ 0.1255 x 1077

Thesis work of Jason Hamm



Kp—ete utu~

The hope is to extract the DIP form factor £ from
these data. We fix aprp to the value detemined
from K; — ppy and attempt a fit for Bprp.

But...the statistics are too low and the sensitivity
is too low...

a8 ¥ /ndis2.o1 [/ 14

P1 —45.86 £ 0.3024E-01

—0.4833E-03 £ 0.9074E-04
P3 9.532 4+ 1.820

lag likelihood
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Log likelihood vs. Bprp
Borp = 9.5 + 31.8



K; > eteete

In the full KTeV data set there are 1056
K; — ete eTe™ events. This mode can also be
used to extract the form factors, including Bprp.
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BR(Kp — ete ete™) =
4.16 £ 0.135401 £ 0.135ys £ 0.17cpp sys X 1072

(External systematic is due to error on 7% BR)
With 1056 events, we still have no sensitivity to Bprp



Conclusions on K — ~v*y*) physics

Branching Ratios:

BR(Kr — p ™) = (3.62£0.044¢0: £0.085y5) x 1077
BR(Kp —ete ) =

(10.192 £ 0.0365¢at & 0.073ys £ 0.285¢4¢ sys) X 107°
BR(Kp —ete ptu™) =

(2.69 £ 0.24440s £+ 0.124,,) x 1077

BR(Kp —ete eTe™) =

(4.16 £ 0.13540¢ + 0.13,45 £ 0.17cpt sys) X 1075

QK *.

From K — ppuy — 0.16010059

From Krp — eey —0.186+0.011

QDIP:
From Kr — pupy —1.5440.10

From Kr — ete™y —1.63+0.047

From K; - ete ptp~ —1.59+0.37
BprIp :

From K;, —eTe putp~ 9.5+ 32
From K;, — eTe ete” 13470




Search for K; — nlete”

This mode is of interest because of the possible
direct CP violating contribution. The CP

conserving decay Kg — mVee has recently been
seen by NA4S.
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The diagonal swath is the primary background
K1 — eeyy. Kinematic cuts reduce the expected
background to 0.99 + 0.35 events.



Search for K; — nlete”

In the 99 data set we observe one event, giving a
90% CL limit of 3.5 x10~10

0.144 —

0.142 —

0.138 —e

0.136 —

0,134 —

0.132 —

0.128 —

0.126 — .
HH‘HH‘\H\‘HH‘HH‘HH‘HH‘HH‘HH
0.475 0.48 0.485 0.49 0.495 0.5 0.505 0.51 0515 0.52

M(77) vs. M(eeyy)

Combining with the 97 data gives the final KTeV
limit

BR(Kr — mlee) < 2.8 x 107° at 90% CL



Search for Lepton Flavor violation
in K7 — mlue

The procedure is to define a signal box in the 2-D
space of M o,. and p?, the momentum of the final
particles with respect to the initial flight direction of
the Kaon (should be close to zreo).

Decay
Vertex

Definition of p;

A study region, about 100x larger, is defined in the
same variables to study the backgrounds.

The limiting background for this mode turned out to
be K.3 with accidental photons



- K — mue 99 search data
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Our result was limited by background from K3 with
accidental photons, which we could not eliminate.
The final KTeV result, for both 97 and 99 (still
preliminary) is
BR(Kr — n°u*eT) < 3.3 x 10710 at 90% CL

Previous limit was 6.2 x 107°

Thesis work of Angela Bellavance



Search for Lepton Flavor violation
in ™ — pe from Kj — m'n%7"

Again define a signal region in p; vs mass and look
for background events in a region around it. For this
mode, since 2 7%s are required, the background is
greatly suppressed.
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No events are found in the signal region or
surrounding region (97 data only) giving a limit

BR(7° — pFeT) < 7.85 x 107% at 90% CL



Summary of LE'V Limits

BR(Kp — n%u%eT) < 3.3 x 1071° (90% CL)

BR(m° — pFeT) < 7.85 x 1071°(90% CL)
Will be improved by 99 statistics

BR(Kp — ptuTeTeT) < 1.36 x 10710 (90% CL)
From the K;, — eTe T~ study

Other modes KTeV is looking at now:
K, — m07%ue
K; = ntopteT

and the AL = 2 mode
K — nfntuTeT



e Measurement of Bp;p through K; — e

How might one do better?

et
and K1, — ete ete™ is limited only by rate.
You probably need 100,000 events to measure
Bprp. With branching ratios of 107® and 1077,

this is a challenge. But a worthy goal.

Measurement of K — 7°ee and K, — n°uu are
ultimately limited by the K — eevyy and

K1 — puyy backgrounds. But we’re not there
yet, so there is some room for improvement.

Our results on LF'V modes were limited by

accidental activity and total luminosity. An ete”
collider should be a much cleaner environment.



