Rare Decays
of Kaons: the
Fermilab Program

BNL Seminar

Past:

- K ® plete, pmm

- K. ® ntm
Present:

- K ® prte

. d,

- K, charge radius
Future:

- More Datal!
- CKM & KaMI
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K. ® plete- ()

VK > @7Kopp> + 7Kg gn> ;
Indirect
|_p0g*_, p%e*e cp violation
Br{K_® pe'e ) =\e{2: gEL; Br{K. ® p’e'e )
NA48: Br(K.® ple*e’) < 1.6 x 10”7
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CP conserving
—pOg—>ple*e Helicity suppressed

From K ® p°gg

Background from radiative
Dalitz decay of the kaon,
K, ®eegg

(Greenlee 1990)



K.® p°gg

Calculated to @[p6 cPT @(VMD)
Gives CPC amplitude of K, ® pYe*e-

Donoghue & Gabbiani D'Ambrosio & Portolés

PRD 51 (1995) 2187 Nucl Phys B497 (1997) 417
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KTeV result: "
Br =(1.68 £0.07 £0.08) x10° PRL 83 (1999) 917
a, = -0.72 £0.08 from fit 1997 data only

{884 events w/ 111 £12 bkg}

NA48 preliminary result:

— -6
Br = (1.51 £0.054; 57 £0.204,) X10
M. Contalbrigo, Moriond EW 2000 {1397 events w/ ~30 bkg}

MC assumes a,, = -0.45



Late-breaking news
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Ky — w~ and the bound on the CP-conserving

Ky — wete
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From 1543 events: 32.2 £1.2 K 'e*eg
26.6 +1.2 K !pp° p°

1484.2 £1.7 signal
KTeV result, 1997 data:

Br(K.® e*e gy, E, > 5MeV) =
(5.8420.157,720.324ys) X107

Theory: (5.8) x 107
E799-I: (6.5 +1.3) x 107
NA48: (6.32 +0.46) x 10/

(492 events, 25+3 bkg)
hep-ex/0010059



K ® ple*e  (II)

in GeVic®

M

KL® pf)popo, | | M .

055 0E
. _ .
using m.=m . in GeV/e

K ® p°pPp®, p'e gn + Qic

T




K ® plete vs. K,® e*e

K —e e Yy



K, ® pPte-  (I1I)

For any particular kinematic cuts,

eEstimate background from fit

eEstimate acceptance from signal MC

Compute <Ny,>=90% C.L. on possible
signal for Ng,,, weighted by Poisson(Ng,;)

Best cut: |cos(q)|<0.788 Quin=>0.349 rad
Ngg = 1.0620.41 events 0.91+0.41 eeq
Acceptance = 3.609+0.086%

<Br limit> = 3.3 x 1010



K, ® plete
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— 68%
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2 events in data vs 1.06 +0.41 background

Br(K, ® p°e*e’) <5.1x 101 (90% C.L.)
KTeV 1997 data

~10x improvement over previous limit

PRL 86, 397 (2000)



K, ® plete- (V)

Compare: Br(K, ® pce*e’) <5.1 x 10-10

From NA48's K; ® plete- limit,
Br(K_® p°e*e)\pirect < 4.8 X107

From KTeV's K, ® pOqg,
Br(K, ® p%*e’)cpc = (1.8 £0.6,, £0.4,,,40) X10712

Standard Model expectation:

Br(K. ® ple*e’)prect = (3.2 £1.0) x10-12
[using hep-ph/0012308]

Conclusions:
*hoy < 4.4
sBackground limited, and Br p h?
sFurther progress will require VERY
large event samples & fit of proper time,
Dalitz-type variables; see
D.Harris (1994), Donoghue & Gabbiani



Ki® pomm (1)

Pros:

*No p® ® ntmgbackground

P ~20% more acceptance
Less K, ® mtmggbackground

P ~1/3 more acceptance
*Backgrounds (K, ® p*pp® ntmg)

experimentally amenable
*Heavier mmass might couple

to new physics

cons:

K, ® ntmggbackground harder
to suppress

sLess phase space for any short-range
physics - 0.305 times e*e” case

*CP conserving contribution not
helicity suppressed



Ki® ntmgg (I)

Backgrounds are:

K, ! mtmg + coincident g
P Require E,> 10 GeV

random trigger gs

/

Arbitrary Units

- MC signal

Photon energy(Gel’)

K, ! p*pp° with p* Misld as n¥
P Kinematic requirements

K, ! pnrm with p* Misld + coincident
P Require E-M shape for neutrals
P Require M. < 340 MeV



Ki® nmtmgg (ll)

4 events in data
vs 0.16 +0.08
background

Kinematic
distributions
consistent with

| T | Y. L I R R
0.43 a.5 8.52 o.54 2 T
GeVoic
LYY Mass

Z2.5 -

E s F

o.5 F

&

z.25 H n /
8.25 B

e Lo 1

o.z5 . 7S . z s

Ft
E
o3 |
.6 |-
o.« |
.z |

o 0.z o. 0.6 0.8 z 1.2 Fa

KTeV 1997 data:
Br(K_!mmgg, mg >1 Mev_)sz
+7. i

r.zs

—
—_—

8 2 P

N &

‘ \‘I\Il\ll ‘

o.75

)
")
)
~
2
)
")

QED predicts (9.1 £0.8) x 10°

PRD 62, 112001 (2000)



Ki® pP’ntmvs. K@ mtmgg




Ki® pmm  (11)

o)
L1

—eo— Data

—  Background MC:
g pOp*pT,
pIn¥n

A
oM

0.46 0.43 0.5 0.52 0.54
M, (GeV)

2 events in data vs 0.87 + 0.15 background
( 0.37 + 0.03 NnTMQ)

Events / IMeV

b
=

Br(K,! p°mm) < 3.8 x 1019 (90% C.L.)
KTeV 1997 data

PRL 84, 5279 (2000)



Ki® mim (I)

_a’Br(K"® mn) & (K] )u
p*sn'Q, &K )a

e 4<1f>vt}2

Br(K)® m'm)

Buchalla & Buras, Nucl. Phys.
B412 (1994)106; Eq.111

m
Unfortunately: S
. K i
Vile and > « |
heinous long ‘N
= o) n
range contributions \ <

Amplitude for two real gs from Br(K,® go):
Br(K® g@g® ntm) = (7.07 £0.18) x 10°
Br(K.® ntm)gy, gg71 = (7.18 £0.17) x 10°

P <3.7 x 1010 |eft at 90%C.L. for
K® gg ® mm and K. ® WW- ® mm

P Need K ¢"d" form factor



Ki® mim  (II)

Q: What tools do we have to
quantify the K, o) o vertex?

K, ® nfme*e" - low stats (38 events from
KTeV, 21 from NA48)

K, ® efee’e - better stats (441 events
at KTeV, 132 at NA48) — but radiative
corrections ~ 4x(stat uncertainty in a.)

K, ® NTm g - 9105 events, but 1 gon-shell

K, ® e'e g - NA48 (1999) has 6864 events

KTeV @[105] unpublished events -
both radiative corr's and 1 gon-shell

At this time, strongest constraints
onr are from nrmg




K ® ntfmg

1500

9105 Stgnal Events
DA GeVie? = < 0.506 Gevi?

2219 +14.9 Background Events

KTeV 1997 data

10d

2001 K ® p*mn bkgd

C

0.3 04 05
Wy Mass

G ewy

BR{K — pT =) = (3.66 £ 004510 £0.07,y,) x 1077

Form Factors from Br and m fit obtained for 2 models:

Bergstrom, Masso and Singer [PL B131(1983)229; B249(1990)141]
D'Ambrosio, Isidori, and Portolés [PL B423(1998) 385]



K, ® mtm (111

BMS model: a = - 0 .157 f%-%;?
DIP model: a = -1.53 + 0.09

Using these form factors to compute the
d’g" contributions to K, ® ntm, we find
that the short distance contribution
corresponds to (at the 90% C.L.):

BMS model: exm > -1.0
DIP model: ek > -0.2

But a warning is called for ~ one can not
find the form factor for g(g”) > m, from
kaon decays.

Perhaps this region can be probed with
ete- ® g measurements at colliders?



Ki® pnte (1)

"The concept of a generation is... not well
defined mathematically. The

known Cabibbo mixing of quarks tells us
that, even if we develop an exact meaning
to the generation concept, we must
encounter generation mixing"

Cahn & Harari, Nucl Phys B176(1980) 135
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K !'pomte (II)

YK > @K opp> + €Ky
Charge symmetric detector

b Equal reach for DG =0, 2 transitions
(which are indistinguishable)

Backgrounds:

K.® p*ein, p*fakes nt, 2 accidental "g's
» Br=(0.2717 + 0.0028) x (a few x 103)
» Suppress with P, My, "d’ cluster quality cuts
» Dominant background, et ® e* g small
K.® p*p*p® One p* fakes nt, other fakes e+
» Br=(0.1255 + 0.0020) x (a few x 10-?)

X ( p* rejection rate)
» Suppress with TRDs, Csl

K.® p*pl*n, p*fakes nt
» Br=(5.18+0.29) x 10> x (afew x 103)

» Suppress with cuts on P?(nin K, frame)
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0425 0.45 0.475 0.5

0.4

2 events in data vs 0.61 +0.56 background

(We have set background to zero so far)
Br(K,® p°nte*) <4.4 x 101% (90% C.L.)

1997 data

iminary

Prel
~10x improvement over previous limit



Charge Asymmetry

K =(1+e)K® +(1- ) K°
etr vy ernty

A R R

Where Y is CPT violation in DS = DQ amplitude
X " DS =-DQ "

PDG 2000 average, (e* and nt)
d =(3.27 £0.12) x 103

Best e* result CERN-Heidelberg 1974
d =(3.41+£0.18) x 103
using 34 x 10% events

This analysis based on 300 x 10° events



Charge Asymmetry

Very hard to build a detector with same detection
efficiency for both charges at the required level.

Instead, define subsamples with cancelling
geometric acceptance

e* with spectrometer magnet positive vs.
e- from east beam, negative polarity:

R= N(e+;+mag) _ Br(® e*) FIMQ) Acce\pr(eL;-tt[gg)
N(g ;- mag) Br(® e ) Flux(k-mag) Acceptle’;- mag)

...Similarly for N(e*;-mag) / N(e";+mag) and 2 beams

Find 4 values of R, multiply them, take 4" root
d, = (R-1)/ (R+1)

... but you better be sure
those ratios really cancel!



Charge Asymmetry

Summary of corrections for systematic effects

p* p-different in Csl -156+10 x10°
p* p-loss in trigger scintillator 54+10 "
p* p-loss in spectrometer 3+ 3 "
p* p-punchthrough 34140 "
e* e different in Csl -19+18 "
d-ray production difference -8+ 4 "
e*annihilation in spectrometer 11+ 1 "
Backgrounds (Kp3, Kig: L) 1+ 1 "
Target/absorber interference 2+ 1 "

Collimator, regenerator scatter K, -1+1
Spectrometer reversal mismatch -3+ 2 "
Total -07+46 x10°

Preliminary result on 1997 data
d, = (3.320 £0.0587 57 £0.0464,¢) X 103




Charge Asymmetry

———— Columbia-Harvard-Coam 70

— This Rasuli

2000 2500 2000 35000 4000 4500 000 ppm

New World Average (3.305 +£0.063) x10-3



Charge Asymmetry

Ala)=25A0..)+ oA w)- Ale,)

=-2x35ppm (assuming DS = -DQ)



K® Charge Radius

K 6 E: K 9\%/9
L + L + KL Ks
DE BR CR

Each amplitude is multiplied by a coupling
constant, and then summed to get total A

Different contributions populate phase
space differently

The coupling constant for the CR term is

o= LRt = (& af - Wi

Charge
Radius



K® Charge Radius

80 ‘ K > nirete”

The 1997 KTeV data
e E_ Complete KTEWST Data Contalns 1811 i43

%o - sgasnstevens | gyvents over a 45 11
o | weezomeve” | event background

0 [

P Avery
clean sample

C K, = TR (Dalitz)
C Background

|

o . 1 1 . 1 : 1 ] "
o4 O425 0.45 0,475 0.5 Q.525 0,55 0575 0.6

100

We fit the data's phase space distribution
as embodied in dG- (acceptance) with gx
as the free parameter...

KTeV preliminary 1997 data:
0cr] = 0.100 +0.018, 57 £0.013, ¢

<R?> =-0.047 £0.0084151 £0.006<, s fm?




K® Charge Radius

el
E
F‘E —  W.Giersche, <.R.Munz, Fhys. Rew. ©53 (188E) 255+
Using .
Bethe- g
Salpeter 4
equation ¥
to infer R
mg— My Eﬁ
Q025
o

mass difference m_-m, [Mevic |

— 072
E
jam
= -
o
=
"pe
m— D- 1 |
- [ |
o]
-0.1
B H.Fcath at al, Phys. Lett 30001 S6812 76
A F.Dydak et al, Huel, Phys. B102{ 16782565
i W w.FR_Meoizon =t ol Phys. Bev, Lett, 410197812135
2 KTavw (Prefminarys
02




K, ® p°plete-

K ’ K 9\{9
“ et e i

DE BR CR

For neutral pions, there is no bremsstrahlung
and Bose statistics & gauge invariance
suppresses direct emission — charge

radius effects dominate

Existing Br predictions in cPT:

0.8 x 1010 [R.Funck & J.Kambor,
Nucl. Phys. B396, (1993) 53]
2.0 x 1010 [P.Hellinger & L.M.Sehgal,

Phys. Lett. B307, (1993) 182]

Experimental background is
K ® p°p°p°
- 99

e*e, either internally
or externally



K, ® p°plete-
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K, ® p°plete-

x10°
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One event in the data...
Br(K, ® p°plete’) <5.4 x 10°
KTeV preliminary result, 1997 data

First experimental result




The 1999 Run

Rare Decay running Sept 1999

to Jan 2000:

. ple*e, pPmm, pOnte-
datasets » 2.5x larger

0 PP e’e, nTme*e", e'e'e’e"
datasets » 3.2x larger

K.® ntme*e, e*ee'*e, pnte -,

p°pPe*e- analyses profit directly from

more data

K. ® ntmg, e*eg p*p e*e- become

high-statistics analyses

K® pP*e, p®mm are reaching
background limits already



K*® p*nn  (I)

A well understood mode

Rt —s mtaer
Al Tl = &= 1052

CKM

b o
| = Bl gl == B2

R — e
SnSm=410%

B — whk®,
Ssin(28)=x0.06
' gf’—,—
| .'II #

—a.5 =) oS

o

With recent V¢, values
Br(K*® p*nn) =(0.82+0.32)x10-10

BNL E787 has 1 clean event with
0.08+0.02 background in 1995-7 data:
+ ) — +3.4 - -10
Br(K"® p'nn)=157," 10
1998 data should double sensitivity
...plus also, E949!



RF separated K* beam

<— |nitial momentum-selected

beam DP/P ~ 2%
A
\ RF deflection: Asin(wt)
A =15 MeV/c
<— Transport Dt=L/byc
£ = (1124.00 / f) for p*
< =(1124.26 / f) for K*

= (1125 .00/ f) for p

2nd RF deflection: -Asin(wt+wDt)

Net deflection:
-2A sin(WDt/2) - cos(wt+ wDt/2)

0 for p*, p
-1.458 cos(wt + 43.1°) for K*

L 12.9m

Stop p* with beam plug, collect K*



RF separated K* beam




K*® p*nn (1)

What We Want:
p* Kinematics
K* Momentum,
direction & position
NN of K* and p*
What We'll Get: -
K+ / mt Veto
Br = 63.5% n
Also K+® nmng
K* / P g Veto
Br = 21.2% ~ I p®g
(undetected)
K+ /p Charged Veto
Low Material
® X

(undetected)
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K, ® p®nn

Experimental signature is a single p©
Branching ratio ~ 3 x 10-% Peoy < 231 MeV
But 34% of all K, decays produce a p° ...

worst: K ® p°p®  P.oy = 209 MeV
also there are hyperons...

e.g.. XO® Lp°
- np®  Pgoum < 230 MeV

KTeV result with p® e*eg PRD 61 (2000) 072006
Br(K,! p°nn) <5.9x 10°7
@[102] Improvement over previous limit, but...

Br(K, ® p°nn) = (0.31 £0.13) x 10-1° in S.M.

Model independent result of Grossman & Nir :
PLB 398 (1997) 163-8

Br(K, ® p°nn) < 4.4 x Br(K*® p*nn)
<2.7x10° (my number)



KaMl (1)

KAMI1 DETECTOR LAYOUT

— W{ﬁﬁm adwon Anti
Fi bt :e: . i':d
Wlazk Angi Vocmnm Velo :{ };\‘m&%&:@%mm
e R e N

Wuoon Range
Slack

1"{\\‘\\}: \\\\\\\

*Very hermetic gveto system

Minimal material seen by neutrons
*High rate fiber tracking inside vacuum
*Aiming for ~100 events, ~20 bkgd
*Recycle KTeV detector components
*R & D underway

Broad Range of Physics Topics



KaMl  (11)

Background is ~85% K, ® p°p°
Suppressed with P,, vertex and gveto cuts

Sketch of
gveto module

Fhoton Inefficlency {1mmPE/SmmScint)

Thep| = 100y
THrE| = SMe'
i =
1
i KA

3

10MeV E,threshold
P 19 background
events / year

Ingfficlency

Beam tests for
Eg > 1.5GeV at

Spring 8 (Japan)

—

ll'.l1 lu1 10
Energy (MeV)



Potentially Accurate
Statements

» Modes with K, or K* decaying into
pnn are the best chance to
discover non-CKM CP violation
with kaons

» Modes with final state charged
leptons are harder. One must
disentangle several contributions,
each of which can be hard to
measure

» Still no lepton flavor violation
» Still no CPT violation

» Rare kaon decays continue to
provide a window into New
Physics possibilities and a host
of opportunities to sharpen the
Standard Model image



