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MotivationMotivation
�� According to PDG, first row of CKM matrix isAccording to PDG, first row of CKM matrix is

2 sigma away from unitarity.2 sigma away from unitarity.

�� BNLBNL--E865 recently reported that charged KE865 recently reported that charged Ke3e3
++

branching fraction is 6% higher than PDG;branching fraction is 6% higher than PDG;
their new Vus is consistent with unitarity, their new Vus is consistent with unitarity, 
but not consistent with Vus from Kbut not consistent with Vus from KLL decay.decay.

�� Need to improve KNeed to improve KLL semileptonic measurements.semileptonic measurements.
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Method to Extract VusMethod to Extract Vus

radiative
corrections
(theory)

Form Factor
at t=0 (theory)
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..

�� ΓΓKKRR33 = B(K= B(KRR3) / 3) / ττLL ((ττLL from PDG)from PDG)

�� To measure the semileptonic branching To measure the semileptonic branching 
fractions, B(Ke3) and B(Kfractions, B(Ke3) and B(Kµµ3),3),
KTeV measures the six largest KTeV measures the six largest BFsBFs
which  account for 99.93% of the which  account for 99.93% of the 
KKLL decay rate.decay rate.
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To determine the six main branching fractions,
KTeV measures the following ratios of
partial decay rates:

Ke3+Kµ3: 70%        3π:  30%           2π: 0.3%
Sample sizes: 105 to  106
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KTeV Detector at FermilabKTeV Detector at Fermilab

� Ignore regenerator (KS) beam
� Track momentum resolution < 1%  (above 8 GeV/c)

and momentum scale known to 0.01% using Kµπ+π!

� CsI energy resolution < 1% (Eγ > 3 GeV)
and energy scale known to 0.1% using Ke3 electrons.
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Particle IdentificationParticle Identification

Energy responseEnergy response
tails measured tails measured 
in data, and  in data, and  
modeled inmodeled in
Monte CarloMonte Carlo
simulation.  simulation.  
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BRs Include Radiated Photons !BRs Include Radiated Photons !
�� KKe3(γ)+Kµ3(γ)  M C generator (KLOR) written by 

U.  Chicago student T.Andre (advisor: J.Rosner).  
Includes virtual and real photons.

KLOR: Kaon Leading Order Radiation

� K+!0(γ) MC generator uses PHOTOS.
� K+!(γ)    MC generator includes IB.

� Radiation changes Ke3 acceptance by 3%;
� Effect on other modes is < 0.5%
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Radiative MC CheckRadiative MC Check

datadata--MC MC 
comparison ofcomparison of
lab Elab Eγγ (right)(right)
and radand rad--BRsBRs
agree well for allagree well for all
4 charged modes.4 charged modes.
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Uncertainties on Uncertainties on 
Partial Width RatiosPartial Width Ratios
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Partial Width Ratio ResultsPartial Width Ratio Results

KTeV ratios KTeV ratios 
with Kwith Ke3 e3 in in 
denominatordenominator
disagree with disagree with 
PDG.PDG.

Only Only ΓΓ0000 //ΓΓ000000

agrees with PDG.agrees with PDG.
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KTeV Branching FractionsKTeV Branching Fractions
assuming  assuming  ΣΣB = 0.9993B = 0.9993
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KTeV/PDG RatiosKTeV/PDG Ratios
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KTeV Comparison with KTeV Comparison with 
Individual ExperimentsIndividual Experiments

MKTeV = KTeV 
measurement

Mexp = measurement 
from previous 
experiment
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Aside: CP Violation Parameter |Aside: CP Violation Parameter |ηη++!!| | 
Determined fromDetermined from

KTeV Branching FractionsKTeV Branching Fractions

KTeV 2KTeV 2ππ BRsBRs

KKSS semileptonic semileptonic 
BR: 0.12%BR: 0.12%

KKLL and Kand KSS

lifetimeslifetimes
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Compare KTeV |Compare KTeV |ηη++!!| with previous | with previous 
results using Kresults using KLL--KKSS interferenceinterference

[independent of KTeV[independent of KTeV--PDG PDG 
discrepancy in B(Kdiscrepancy in B(KL L µµ ππππ) ]) ]
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Semileptonic Form FactorsSemileptonic Form Factors
(to determine I(to determine IK K integrals)integrals)

Parametrization:
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Semileptonic Form Factors:Semileptonic Form Factors:
MethodMethod

KK
ππ

RR

νν

t = (t = (ppKK !! ppππ))22

* Kinematic ambiguity => two possible t* Kinematic ambiguity => two possible t--valuesvalues
*To avoid ambiguity, compute “t*To avoid ambiguity, compute “tzz”” using only using only 
transverse quantities:transverse quantities:

ppKK µµ ppKK,,zz = 0  (defines transverse)= 0  (defines transverse)
ppππ µµ ppππ,,zz (invariant under K boost)(invariant under K boost)
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Semileptonic Form Factors: Semileptonic Form Factors: 
λλ++’’ and and λλ++’’’’

λλ++’’’’ has 4has 4σσ
significance !significance !
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λλ+  +  Comparisons for linear fComparisons for linear f++(t)(t)

Ignore 2Ignore 2ndnd orderorder
term in KTeV toterm in KTeV to
compare withcompare with
previous previous 
measurementsmeasurements
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λλ0 0 Comparisons with Comparisons with λλ++ = 0.030= 0.030

KTeV KTeV λλ0  0  agreesagrees
with only 2 of 8with only 2 of 8
previous previous 
measurements.measurements.

(see our paper for (see our paper for 
nominal nominal λλ0 0 result)result)
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IIKK Uncertainty from Uncertainty from 
Semileptonic Form FactorsSemileptonic Form Factors

�� we include 0.7% uncertainty from model we include 0.7% uncertainty from model 
dependence (doubles error!).dependence (doubles error!).

�� Although KTeV form factors are much more Although KTeV form factors are much more 
precise than PDG,  KTeV Iprecise than PDG,  KTeV IKK uncertainty is uncertainty is 
comparable to PDG uncertainty based on comparable to PDG uncertainty based on 
linear FF model.linear FF model.

�� small effect on Ismall effect on IKKµµ33 /I/IKe3Ke3 ratio.ratio.

IIKK(quadratic: (quadratic: χχ22/dof=62/64/dof=62/64))
IIKK(pole model: (pole model: χχ22/dof=66/65/dof=66/65))

!!1  =  0.7%1  =  0.7%
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Lepton Universality Test withLepton Universality Test with
Semileptonic Branching Fractions Semileptonic Branching Fractions 

and Form Factorsand Form Factors
Long-distance rad cor
ratio from KLOR is
1.0058(10)

Note that [ΓKµ3/ΓKe3]KTeV 

is 5% lower than PDG
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Lepton Universality Test withLepton Universality Test with
Semileptonic Branching Fractions Semileptonic Branching Fractions 

and Form Factorsand Form Factors
Long-distance rad cor
ratio from KLOR is
1.0058(10)

☺☺
(same test with PDG BR+FF =  1.0270 (same test with PDG BR+FF =  1.0270 "" 0.0182)0.0182)
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Summary of Vus Changes from Summary of Vus Changes from 
KTeVKTeV

*ΓKe3 : goes up by 5% 
*ΓKµ3 :no significant change

**IIe goes down 1.7%
*Iµ goes down 4.2%

(each includes -1% shift from λ’’)
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Theory CorrectionsTheory Corrections

short-distance 
rad cor: 1.022 Leutwyler-Roos 84:

f+(0)=0.961(8)

+ recent works …

long-distance rad 
cor from Andre,
δe = 1.013    
δµ = 1.019
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KTeV  |Vus|  ResultKTeV  |Vus|  Result

||VVusus|f|f++ (0) = 0.2165 (0) = 0.2165 ""0.00120.0012
|V|Vusus|  = 0.2252 |  = 0.2252 "" 0.00080.0008KTeVKTeV

"" 0.00210.0021extext

1 - |Vud|2 - |Vus|2 - |Vub|2
=  0.0018 " 0.0019

{f+(0), τL}
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|Vus|*f|Vus|*f++(0)  Comparisons with Data (0)  Comparisons with Data 

(both errors mostly from (both errors mostly from ττLL))
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|Vus|*f|Vus|*f++(0)  Comparisons (0)  Comparisons 
with Theory and |Vwith Theory and |Vudud||

(both errors mostly from 
(both errors mostly from ττLL))σσtheorytheory
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Summary of Uncertainties on Summary of Uncertainties on 
|V|Vudud||2 2 + |V+ |Vusus||22
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ConclusionsConclusions
� KTeV measurements result in +3% shift in |Vus| 

compared to PDG (from KL  decays);
KTeV-PDG difference in   KL-|Vus|  is  5σ !

� Our |Vus| value is consistent with unitarity.
� |Vus| from K+ : PDG and recent BNL-E865 result

are both consistent with KTeV |Vus| from KL .
� Four of the six largest KL branching fractions differ 

from PDG by  5-8%  (also affects rare decays).
� Our |η+!| value is 2.6% lower than PDG.
� Improved form factors (FF) for Ke3 and Kµ3
� First detection of 2nd order term (λ’’) in KR3 FF.
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KTeV Publications on VusKTeV Publications on Vus
(see LANL archive)(see LANL archive)

SubjectSubject JournalJournal Submit dateSubmit date
|V|Vusus| | Phys. Rev. Phys. Rev. LettLett June 1, 2004June 1, 2004

KKLL BRsBRs Phys. Rev. DPhys. Rev. D June 1, 2004June 1, 2004

KKRR3 3 form factorsform factors Phys. Rev. DPhys. Rev. D June 1, 2004June 1, 2004

Supporting Publication
KKRR33 RadiationRadiation

(KLOR)(KLOR)
HEP archiveHEP archive June 1, 2004June 1, 2004
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