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Unitarity Tests of CKM Matrix

[ 2
Uncertainty on ; V;;

Vy V. V,) 02%
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For first row, PDG quotes 2.2 o deviation from unitarity:

1~ (Vaa | +Ves| +MV,o[*) = 0.0043+0.0019  (PDG 2002)



PDG |V, Evaluations

ux|

V4l =0.9734 £ 0.0008 from 0*—0+ nuclear 3 decays, neutron decay
V| = (3.6 £ 0.7) x 10-3 from semileptonic B decay

IV, =0.2196 + 0.0023 from K*, K° decays to mev (ruv not used by
PDG because of large uncertainties in form factor measurements).

Recent K* measurement from BNL E865 consistent with unitarity.

mmm)> Interesting to revisit K, measurements (PDG fit values based
on averages of many old experiments with large errors)



Determination of |V | In Semileptonic K, Decays

KTeV measures

KTeV measures form factors needed
B(K_—nev) and to calculate phase
B(K_—>nuv) space integrals
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KTeV Measurements

 To determine semileptonic partial widths, KTeV measures
branching fractions for the 6 largest decay modes:

K > xev, K s72uv, Kl sr'n 7, K> 27’7,
K. —>7ztn, Kl > 727"

The K lifetime (7)) Is used to convert branching fractions
Into partial widths

 Form factors describe the t distribution of decay:
t=(p—P,.)? T We measure the two

K Independent form factors for
- semileptonic decay, and

determine the phase space
Integrals 1.




KTeV Detector
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Material upstream of Csl Calorimeter

Spectrometer:
1.2% rad len 3.1% rad len
0.7% m int len 1.4% = int len
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To determine the semileptonic widths, we measure the following
5 ratios:

[/ Thes =T(K, = 771 v) IT(K | — 77€™Y)
[, /T =T(K > 77 2°)IT(K - z'e*V)
FCooo / Thes =T (K, = 2°72°72°)IT(K, — 77e™v)
L, IT, ,=T(K, »>7z'77)IT(K - z"e"v)
Lo/ Ty =T(K, = 2°2°)IT(K, = 7°7°7°)

These six decay modes account for 99.93% of K, decays, so ratios
may be combined to determine branching fractions.

0.9993
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E.g., BKeB =




Features of Branching Fraction Analysis

*Each ratio measured in statistically independent data sample
collected with a single trigger (samples sizes are 10° to 10° per
decay mode)

Each ratio measured in two data samples:
“high intensity” (same data used for &/ analysis)
“low intensity” (no regenerator and x10 lower intensity)
Result for each ratio based on sample with lower total uncertainty

*Monte Carlo simulation is used to correct for acceptance
difference between pair of modes

«Simulation includes inner bremsstrahlung contributions
for all decay modes with charged particles, so branching
fractions include radiated photons.



Charged Decay Modes

K o> 7zev, Kl oz uv, Kl 5a'nx’, Kl > rtn
o Select two oppositely charged tracks from a single vertex.

» Use particle ID (calorimeter E and spectrometer p) and
Kinematics to separate 4 decay modes.

Unusual features:

* For K, —»>muv, we do not use muon system.
 For K, > n—nY, we do not reconstruct the nt’—yy decay.

e For partially reconstructed decays, there are multiple energy
solutions; all solutions are required to be between 40 and 120 GeV.



Particle Identification
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Energy response
tails measured in -
data and modeled ¢
In Monte Carlo. 8
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Kinematic Variables: m__, pZ, Kk, ,

025 03 035 04 0.45 05 055b 06
B m__(GeV/c?)
10 T —— MC Sum
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K, o (Geszc:z)

For K, —>n*nn® decays,
K, o = longitudinal
momentum squared of
n% in frame where -
momentum is orthogonal
to K momentum.

k. ,>0forK, > z'n 7"
kK, , <0forK_ — 7" (v




K, o for Partially Reconstructed Decays
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Neutral Decay Modes

K. =7’z and K, = z°7°7°
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Backgrounds

Decay Mode Background (%)
K —TeV <0.003

K| =TTV 0.01

K~ n? 0.05

K —7OnO70 None

K =TT 0.16

K =70 0.71




Thousands of events per 5 GeV

150 A
100 -

50

60 1

10 1

80 -
60 -
40
20

ED-S
40
BUE

20

TV
PR T I

o’
1 I 1 1 1 I

40

I I L1
60 80 100 120
kaon energy (GeV)

(b)

+

: AL T
':+++ l ++TH'Hi

{Slope:
1(0.71+0.60) x 10‘4fGeV

; Lt E; | l+++ ! '*{

N
T IH'I
{Slope:

5(055+053)>< 107 IGeV

||||||

_; Iope

?Llope

;{0244-055)K1DA%GEV

4ﬂ Bﬂ 80
kaon energy (GeV)

1ﬂﬂ 12D

Comparison of data
and Monte Carlo kaon
energy distributions

Monte Carlo spectrum was
tuned using K, »>nt*n~
events

For partially reconstructed
modes, high energy solution
IS plotted



Thousands of events / meter
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Branching fractions include radiated photons:

* Kezpy and K 3.y KLOR written by T. Andre.
Includes virtual and real photons.

+ K, o PHOTOS

* K, ). KTeV generator includes 1B, but ignores
direct emission.

Radiation changes Ke3 acceptance by 3%, effect on other
modes Is < 0.5%.



Data — MC Comparison for Radiative Photon Candidates
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Data/MC-KLOR
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Systematic Uncertainties in Partial Width Ratios in percent

Source of uncertainty I'kus/ I'kes I'ooo/ I'kes I'y_0/ Tkes Iy / Ties oo/ Tooo

Acceptance (MC Simulation)
Event Generation:

- Kaon energy spectrum 0.02 0.16 0.04 0.02 0.01

- Form factor 0.11 0.08 0.29 0.08 0.00

Radiative corrections:

- 0.15 0.20 0.14 0.14 0.00

Particle Propagation:

- Detector material 0.10 0.56 0.33 0.33 0.15

- Detector geometry 0.02 0.39 0.05 0.02 0.08

Detector Response:

- Accidental activity 0.00 0.22 0.04 0.02 0.03

- Trigger 0.00 0.07 0.10 0.07 0.28

- e*, yuE, ¥ reconstruction 0.21 0.70 0.24 0.26 0.00

- ¥ reconstruction 0.00 0.37 0.00 0.00 0.23
Background 0.10 0.00 0.02 0.04 0.04
B(m° = v7) 0.00 0.10 0.10 0.00 0.03
Monte Carlo Statistics 0.10 0.12 0.05 0.13 0.16
Total 0.33 1.12 0.55 0.47 0.44




Main Systematic Uncertainties

o ["oo/T kes ratio:
=> 0.6% two-track efficiency uncertainty
=> 0.4% uncertainty in 37’ recon
=> 0.6% uncertainty from detector material

e 0.35% uncertainty in loss from rw-Interactions
for ratios with different number of charged =



Uncertainty in percent

Statistical and Systematic Errors in Partial Width Ratios
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Measured Partial Width Ratios

Decay Modes

Partial Width Ratio

s/ Tes | 0-6640+0.0014:0.0022
Tooo/ Tes | 0-4782+0.0014:0.0053
[, /Ty |0-3078+0.0005+0.0017
[, /Ty, |(4856£0.017+0.023)x10"

1—100 / 1—1000

(4.446+0.016+0.019)x10-3




Comparison of KTeV and PDG Partial Width Ratios
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Cross Checks: Width Ratios with High and Low Intensity

® high intensity beam with regenerator

x10 lower intensity without regenerator
fl“: @ /
| | 2

(Uopo/T kes) ; O- =i x“l dof

= 3.4/5
{FST[/FHES) i O |
ol ——i ,
(Uoy/Too0) | : .g : :

0.58 0.585 0.85 0.885 1 1.005 1.01 1.015 1.IDE

decay rate ratio (arbitrary scale)



Cross Checks: K—»nuv and K-t Analysis

K—muv yields without/with u system agree to (0.08 + 0.02stat)%

o Kon*nn? yields without/with n®>—yy reconstruction in Csl
agree to (0.03 +0.028,,)%.
Acceptance In two analyses differs by factor of 5!

', o/(Tkes + Tk +17,o) may be determined by fitting the k,
distribution. The difference with the nominal analysis is
(0.35 £ 0.51)%.



Branching Fraction and Partial Width Results

Decay Mode | Branching Fraction |T'; (107 s71)

K, —>Tev 0.4067+0.0011 0.7897+0.0065

K, —>nuy  [0.2701+0.0009 0.5244+0.0044

K, —>mtrnnd |0.1252+0.0007 0.2431+0.0023

K, —>n0r0n0 |0.1945+0.0018 0.3777+0.0045

K| > (1.975+0.012)x10-3 | (3.835+0.038)x10-3
K, —>m0n® | (0.865+0.010)x103 | (1.679+0.024)x10-3

Partial widths use K, lifetime of t, =(5.15+0.04) x10-8 sec.



Comparison of KTeV and PDG Branching Fractions
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Ratio of KTeV / PDG Branching Fractions
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Comparison with Individual Experiments
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Comparison with Individual Experiments
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Determination of |n,_| Using B(K, > nn)

‘77 ‘2 _ F(KL —> 7z'+7z'_) T B;ﬂ_ + B:Z‘Oﬂo [1+6Re(8’/5)]

- 'Ky > 7x'77) - T, 1-B>,,
KTeV: |n,_|=(2.228+0.005,+,, +0.009,; )x10~

Geweraiger 74 .
CPLEAR 99 | } K, -Kg Interference

Semileptonic ch'arge asymmetry

KTeV

2l 2.22 2.24 2.26 2.28 2.3 232 2.34
1000 x In, |



Other implications of new branching fractions:

Many rare K, decays are normalized to decays we have
remeasured.

o K, — p*pis normalized to K, — w*m~which
changes by 5% compared to PDG.

o K, — yyisnormalized to K, — 27% (3n°) , which
changes by 8% relative to PDG.

e I'(K, » ptpu~ )/ I'(K, — vy) changes by ~3%.



Semileptonic Form Factor Measurements
(to determine 1, integrals) \
- GEM{

2
FKE?» o 1927Z'§ SEW (l+ §Iﬁ )C2 ‘Vus‘ f+2 (O) Ili

|, depends on the two independent semileptonic FFs:
f+and f— or f,andf,

We use the following parametrization:

fo=f ey it
+ + +M2 9 +M4

T T

t
fo(t) = f.(0) [1"‘ Ao W] :

T

wheret= (P, —P.)*=(P,+P,)*



Method to Extract Semileptonic Form Factors

t:(PK_Pﬂ)ZZ(Pf—'_Pv)z T

K, Since the kaon E Is not known
and the neutrino Is undetected,
Wie - ——— L there are two possible t values

\7

To avoid this ambiguity, we instead study t, based
on components of particle momenta transverse to the
kaon momentum.

We use a Monte Carlo simulation to determine the detector
acceptance as a function of t, and to calculate radiative
corrections.



t, Distributions
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Form Factor Results

Parameter | Value (x10-3)
Ay 20.64 +1.75
Ay 3.20 +0.69

Mg 13.72 £1.31

10° x A}

Average
Ke3

14 16

18
10° x A,

20

22

24




First and Second Order Fits to K—mev
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K3 Form Factor Cross Checks
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Semileptonic Form Factors: A,

Chien 71

]

Bisi 71 | 0

Buchanan 75

We use the linear Blumerthal 75

o

parametrlza_ltlon to Gjesdal 76 e
compare with ]
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Previous measurements |
Engler 78 | o
Birulev 81 ;__g_|

CPLEAR 00 H:H |
REEY H.HA/><3 more precise than PD
I i L1 I |
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A, (Kea)




Semileptonic Form Factors: A,

Sandweiss 73 u-polarization

Clark 77 o o
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Phase Space Integrals

-Phase space, no form foctor
— Phase space, with form factor

Ke3

. =0.15350+0.00044+0.00095 I/ =0.10165+0.00039+0.00070

Second error is additional 0.7% uncertainty from model dependence
(pole vs. quadratic); not included in previous evaluations.



Consistency of Branching Fraction and Form Factor
Results with Lepton Universality

GiM;

Compare T'y,, = 192—38EW (1+ 5&)\Vus\2 f2(0)1 for Kzand K g
/A

{Fm} RS AK
[hes lprep W1+ o )L
x \

1.0058(10)  0.6622(18) from KTeV
from Andre

2
r r u
{ W} / { W} — 0.9969 + 0.0048 = (G'Z ]
FKe3 MEAS FKe3 PRED GF

Same test with PDG widths and FF gives 1.0270+0.0182




Summary of Vus Changes from KTeV Measurements

GiM,
1927°

1_‘Kfi% = SEW (l+5é)‘vus‘2 f+2 (O)Ili
1

Compared to PDG:

['e3 INCreases by 5% le decreases by 1.7%

Ik 3 doesn’t change In decreases by 4.2%
(both include -1%
shift from A.")



Theory Input Needed to extract |V |

_GIM;
109248

r Sew (1+ 3¢ ) V| £2(0) 1

* Sgy (Short-distance rad. corr) = 1.022 (Marciano, Sirlin)
 Long-distance radiative corrections:

0¢=0.013 + 0.003 (Andre)

o*=0.019 + 0.003 (Andre)

* f.(0)=0.961 + 0.008 (Leutwyler — Roos) + recent calculations



V| Results

0.2253 £ 0.0023
0.2250 £ 0.0023

For K —mrev: [V =
For K, —»nuv: |V

sl =

Averaging these results (accounting for correlations):

V| = 0.2252 + 0.0008,.,, + 0.0021,,

usl —

KTeV error: branching fractions, form factors
Ext error: f,(0), K, lifetime, radiative corrections



To compare with other measurements, we consider
Vsl f4(0):

K+
PDG —O0—
E865 | O |

|'{L
PDG HO— A 5 sigma difference!
KTEV —a—

0.21 0.215 0.22 0.225
V. I f (0)

s+



Comparison with Unitarity

K+
PDG | O :
E865 | O |

K
POE A 5 sigma difference!
KTEV H—o—

f,(0) (1-{Vyqf V)
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Bijnens and Talavera : m! -‘/
Becirevic et al. : 3 ;
Jamin et al. } [} :
o211 0215 02 0225
IV _If (0)
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Conclusions

We’ve made improved measurements of the six largest K,
branching fractions and semileptonic FFs; four of the six
branching fractions differ from PDG by 5-8%.

KTeV measurements result in +3% shift in |V compared to
PDG (from K, decays); KTeV-PDG difference in is 5c.

Our |V result (based on both K; and K ,5) Is consistent with

unitarity:
1= (Vaa "+ Mol +V,o*) = 0.0018+0.0019

KTeV |V | consistent with both PDG average and BNL E865
results using K*.

Our n,_| value is 2.6% lower than PDG.
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