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Precision of CKM Unitarity Trests

VEGT /SIS VB |

(other expts make unitarity4ests involving CPV phase)
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Brief History of [Vus|

PDG early 1980s — early 2000s, first row of CKM
matrix is 2 sigma away from unitarity

(in K, , K* , and hyperons).

In 2003, BNL-E865 measures K_;* branching
fraction resulting in |V, | consistent with
unitarity.

June 1, 2004: three KTeV papers report new
measurements based on K, decays

(main subject of this talk).

LP04: new K, results from NA48 and KLOE.
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Method to Extract |V, .| from
Ky (K* ) Semileptonic Decays

G2 M5

, 2
Tke3 = fg;g—ﬂi*SEw(l +0%) | Vus|” | £2(0)| I
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G4 My,
Loz = Lo KSEw (L + 0%) |Vaus|® | £2(0)| Ik
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['kes = B(K€3) /7, (7, from PDG)

only external
measurement

To measure the semileptonic branching
fractions, B(Ke3) and B(Kpu3),

KTeV measures the six largest BFs
which account for 99.93% of the
K, decay rate.



G%M3, , 5 ,
I'ie3 = —IE#LSEW(I + 6%) | Vius| |fi(0)|I§1

To determine the six main branching
fractions, KTeV measures the following
ratios of partial decay rates:

T'ku3/Tkes = DK = nuTv) /T(Kp — n¥eTv)

Ly _o/Tkes = DN(Kf — nta— =0 /T(K — nfeFv)
Fooo/Tres = (K — ?TDTI'D‘JTD) /T(Kg — ﬂ':I:E:Fy)

Iy /Tges =KL = ntan™)/T(Kp — ntetv)
Too/Tooo = 'K — n%7%) /T(K; — 707070)

Ke3+Ku3: 70% 3n: 30% 27: 0.3%
Sample sizes: 10° _to 10°
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KTeV Detector

- Trigger Muon
EhE rrn'Eers Hodoscope System
(DC1-DC4) . .

Regenerator R 9 T SOEE
P 11
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—= Vacuum Beam

R e R e e

3

ot s S e e
e

S

Veto
Steel

Ignore regenerator beam

Csl energy resolution < 1% (E, > 3 GeV)

and energy scale known to 0.1% using Ke3 electrons.
Track momentum resolution < 1% (above 8 GeV/c)

and momentum scale .known to 0.01% using K—n*n-
8



KTeV Detector has little material
upstream of Csl

= hErHEers

(DC1-DC4) Trigger
Hadngs%%pe Csl

Spectr
eto




KTeV Detector has little material
upstream of Csl

Spectrometer:
1.2% rad-len,
0.7% m-had len

D -
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KTeV Detector has little material
upstream of Csl

Spectrometer:
1.2% rad-len,
0.7% m-had len

3.1% rad-len,
1.4% m-had len

Trigoer
Hadngs%%pe Csl

= pctm
eto

Materlal checked with Ke3 1 external brem,
and with K S350 +y—ete i



Particle Identification

Energy responsef
tails measured
: : : 09 1 11

in data, and electron Elp
modeled In
Monte Carlo

) ) 02 04 06 0'8.1 12 14 16 1.8
simulation. pion E/p

Entries / 80 MeV

1.5 2.5 3.5 4.5
min Ku3 track-energy deposit in Csl (GeV)




Branching Fraction Analysis:
General Features

Each pair of decays collected in same trigger.

Each partial width ratio measured at both

=> nominal intensity used to measure ¢’/¢
(with min-bias, pre-scaled triggers)

=> x10 lower intensity without regenerator
(x20 less detector activity).

KTeV result based on measurement with
smaller uncertainty between two intensities.
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Branching Fraction Analysis:
Mode-by-Mode

K.;: identify e, = with E/p in Csl

K 3t identify &, u with E/p and Eclus<2GeV;
to reduce error, do NOT use u system.

K, o: identify n* and =~ with E/p;
to reduce error, ignore w0 .

Kooo: identify 37° in Csl.
K__ : almost identical to €’ analysis.

Tt J
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Partially Reconstructed Decays

K.z, K3, K., each have missing particle

(v or n%), resulting in multiple kaon energy
solutions.

all E, solutions must be within
40-120 GeV.

For K 5, we do not distinguish = and y;
this results in four E, solutions!
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Partially Reconstructed Decays

Ke3d and Ku3 are separated by particle id
To separate Kt3 from K, —»n*nn°

use k,_, = longitudinal 7% momentum-
squared in frame where "t is
orthogonal to K|

k., o> 0 for K —>n*n n? S
kK, <0 for K, >ty
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k. o for Partially Reconstructed

Decays

® data
— MC total

-0.06 -0.04 0.02 0
k, . (GeVZ/c?)

004 002 0
k, ,(GeVic?)
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Background from other K, Decays

K. — mev <0.003
K. — muv 0.01

K, — n*nn? 0.05

K. — n'n 0.16

K, — 210 0.71

K, — 3n° none
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{ Slope:

_:{UB?+1203><10"4fm
E |

Data-MC
comparisons
of decay vertex

W attl
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{Slope:
1(0.71 + 0.60) x 107%/GeV
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Data-MC
comparisons
of kaon energy
(or max Ey) : _

after tuning Doy | s |05 100 x 0%y
with 10 million [ o ]

t .
f iy ++++1+* !
;tSIc:pe:
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= —
KL — T T TR
1 1 I I 1 1 I 1 1 1 I 1 1 1 1 1 1 1
60 80 100 120 40 60 80 100 120
kaon energy (GeV) kaon energy (GeV)




BRS Include Radiated Photons

Kesi)tKusp) MC generator (KLOR) written by
U. Chicago student T.Andre (advisor:

J.Rosner). Includes virtual and real photons.

KLOR: Kaon Leading Order Radiation
K..o) MC generator uses PHOTOS.

K..,) MC generator includes IB, but ignores
direct emission.

Radiation changes K_; acceptance by 3%;
Effect on other modes is < 0.5%

_/
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Radiative MC Check

data-MC
comparison of
lab E  (right)
and rad-BRs " b€, (GeV) > labE, (GeV)
agree well for
all 4 charged
decay modes.
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Check New K3y Generator

1 dof=19.4/ 16

0os 01 015 02 - -05 05

min E. (GeV) max cos(8,)

005 01 0156 . s -05 0 05

min E. (GeV) max cos(8,)
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Check New K3y Generator
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Absolute Efficiency for 3m°
in B(37°)/B(K,5) ratio
Csl inefficiency (10-°) monitored by laser.
Photon mis-pairings checked in 37° mass;
for events outside signal-mass region,
data-MC difference is only 0.14%
(included as systematic uncertainty)

MeV
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Absolute Efficiency for K.,
in B(3n%)/B(K.;) ratio

Electron E/p ineff is 0.2%
(both data and MC)
Pion E/p ineff measured with K, —>r*rn-n?

2-track ineff measured by tagging tracks
and segments in K, »>n*nn® decays ;

data-MC difference = 0.6% ;

difference included as correction and
systematic error

\) 26



Beam Intensity Crosschecks

: @® highintensity beam with regenerator
ngh A\ 0 x10 lower intensity without regenerator

Low TS B

Intensity SR .
vl dof
= 3.4/5

(CodTes)
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(CseTeed i
®
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EDD/FDDD}

I
098 0985 0989 0.895 1 1006 101 1015 102
decay rate ratio (arbitrary scale)




Analysis Crosschecks

K, —>n*nn° yield without/with 7°—yy
detection in Csl agree to (0.03 * 0.28)%

K ; yield without/with u system agree to
(0.08 x 0.02) %



Main Systematic Uncertainties

31%Ke3 ratio :

=> 0.6% two-track efficiency uncertainty

=> 0.4% uncertainty in 3n°recon

=> 0.6% uncertainty from detector
material

0.35% uncertainty in loss from x-
interactions (affects ratios with different

# of charged n)



Uncertainties on
Partial Width Ratios

——1 0.8

[] stat error
===

— 0.6 [] syst error
— B total error

(=

% 0.2 }
ED 9 .
E‘ Ku3 K 3 1_‘000/1_‘ Ke3 / 1_‘K 3 / 1_‘K e3 00/ 1_‘000

pastial Wﬂ[ﬂﬁ[ﬁ] 0 .




KLOE prelim

0.39

B(Ke3)

NA48 prelim
——

KLOE prelim
——

0.2

B3

PDG 02
®

KLOE prelim
@
PDG 02
@

" KTeV

\ \ ‘ \
0.272

B(Ku3)

KLOE prelim
k @ i
PDG 02
@

KTeV
e
\ ‘ \ \ ‘ \
0.126 0.128

B(7t+7c_no)

KTeV
—e—i

0.2152 0.85 0.875 0.9 0.925 0.95

x 10

KTeV
—e—i

T ‘ T T 1 ‘ T I I ‘ I T I ‘ I I T ‘
0.485 0.49 0.495 0.5 0.505
B(Ke3)/B(2 track)

B (TCOTCO) x 10 3

KTEV: PRD 70, 092006 (2004)
NA48 Ke3: hep-ex/0411069 (to
NA48 370 : LP04 proceedings
KLOE: LP04 proceedings

K. BR
Measure-

UERLS




Aside: CP Violation Parameter |n, |
Determined from
KTeV Branching Fractions

KTeV 27w BRS

K, and K¢ K¢ semileptonic
lifetimes BR: 0.12%
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Compare KTeV |n._[ with previous
results using K, -Ks interference
[ Independent of KTeV-PDG

discrepancy in B(K, — nm) |

Z)“_HS![QML?_ Geweniger 74
tﬂuﬁﬁ&n&m@ ———
e

GF‘LE 99

K1

22 2.22 224 2726 2.28 2.3 2.32 2.34
1000 x I __|
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Semileptonic Form Factors
(to determine |, integrals)

G%.Mj, ¢ 2| 2 ¢
I'ke3 = fg;z—rﬁiSEw(l + 0%) [Vus|® | F1(0) [Tk

— Assumes pure vector hadron-current.
= Scalar and tensor terms, < few percent (NA48) -



Semileptonic Form Factors
(to determine |, integrals)

G%.Mj,
Tre3 = ﬁ?sﬂlv(l + 0%) |Vaus|? | £2.(0) | I

Parametrization: Ke3 Ku3

t 1
F+®) = F+O) 14 X 35+ V]

t
fo(t) = f+(0) |1+ e

w

where t = (P — Pﬂ)z
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Form Eactor lllustration

® Phase space, no form factor

— Phase space, with form factor

Ke3
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Semileptonic Form Factors:
Viethod

t= (pK_ pn)z
K

* Kinematic ambiguity => two possible t-values
“T'o avoid ambiguity, compute “t,” using only

transverse quantities.

> .



Analysis Selection

* Ke3: same as for branching fraction
analysis.

* Ku3: use muon system to identify muon

40 50 60 70 80 90
P, (GeVk)
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Data/MC Comparisons
(MC uses KTeV FF + KLOR)
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Recent f.(t) Comparisons

ISTRA Ky,

ISTRA Kgs
—e—

PDG02 Ky,
PDG02 K2,
NA48 K,

f.(t) =
£,(0)[ 1+ x tm,2]

0.028 . 0.032 0.034 0.036 0.038 /
A, (linear model)
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Recent f.(t) Comparisons

ISTRA K,

ISTRA Kgs
—e—1
PDG02 Ky,
PDG02 K2,

KTeV K, 0 ) f+(t) =
b f(O)[1+kt/m2]

0.028 . 0.032 0.034 0.036 0.038 /
A, (linear model) €

Expt (fit y*/do
ISTRA Kg3(6771/6991) pt (fit x*/dof)
e

NA48 K (386/301)

KTeV KJ, (231/235) f+(t) =

f,(0)[ 1+, t/m2

+/5! 7C = t2/m 4
2:
0.001 0.002 0.003 0.004 0.005 0.006 -— —/ Yen "

A,” (Quadratic model)

KTeV K;(62/64)
—e—
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Recent f,(t) Comparisons
(Kus FF) Fit with:

quadratic
f+(¥)

lattice QCD
—e—

ChPTh

®
0 linear

S |

ISTRA K~ f*(’f)

—o—
KTeV K°
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I Uncertainty from
Semileptonic Form Factors

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

I (quadratic: y%/dof=62/64)

-1 =07%

I,.(pole model: y%/dof=66/65)

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

lkus lkes Fatio is not affected.
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Lepton Universality Trest with
Semileptonic Branching Fractions
and Form Factors

1+ 0% Ik
1+ 6% I

[FI{;LE/FI‘I’:Eﬂl pred —

45



Lepton Universality Trest with
Semileptonic Branching Fractions
and Form Factors

sl

Long-distance rad cor W@W [ﬂ]ﬂ@
ratio from KLOR is @C
1.0058(10

IfE5
Ji
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Lepton Universality Trest with
Semileptonic Branching Fractions
and Form Factors

Long-distance rad cor
ratio from KLOR is

T kp3/TKes|pred =

[T ku3/T Ke3lKTev

= 0.9969 &+ 0.0048
Tk u3/T Keslpred

(same test with PDGO2 B and FE: 1.027 &£ 0.018) 47



Summary of Vus Changes from
KTeV (relative to PDG-02)

GZ’ M5

Loz = Lo KSEw (L + 0%) |Vaus|® | £2(0)| Ik

1927

*T'ke3 : g0Oes up by 5%
*I'k,3 :no significant change

*I¢ goes down 1.7%
*I* goes down 4.2%
(each includes -1% shift from A’’)
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Theory Corrections

G2. M2
ez = ﬁﬁ‘ﬁ’}ﬂw(l + 6%) |Vas|? | £2.(0)| I

short-distance

rad cor: 1.022 Use Leutwyler-Roos 84:

£.(0)=0.961(8)
long-distance rad

cor from KLOR,
0¢=1.013
o*=1.019

Recent works: 0.96-0.98
(no consensus yet ?)




Results

G2 Mﬁr
I'ip3 = ﬁsﬂ"[@’(l + 0%) |Vaus|? |

Because of theory uncertainty in f.(0),
we report product of [Vus| * 1£.(0).

Then report |V | for particular
choice of 1 (0).

3]0)



)
Who's [V, Result ?

Source of Source of Source of
claim B(KE€3) FormFEactor litetime
BNL-|V | K*; BNL+PDG PDG PDG
NA48-|V.,| KLe3 Na48+KTeV+PDG NA48 PDG
KLOE |Vl KLOE KTeV KLOE
KLsK* (e, u) (prelim) (KLOE later?) (prelim)

NOTE1: in principle, KLOE can measure all inputs to |V

usl|

NOTEZ2: all experiments use f,(0).and radiative corrections from theorists.

7
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KTeV [V, .| Resuilt

IV...|f, (0) = 0.2165 +0.0012
V.| =0.2252 + 0.0008, .,

+0.0021,,; ! r.(0). 1}

92



KTeV [V, .| Resuilt

IV...[f, (0) = 0.2165 +0.0012
V.| =0.2252 + 0.0008,.,

+ 0.0021 ext {(£.(0), 7, }

1- Ivudl2 - Ivusl2 - Ivubl2

0.0018 + 0.0019




IMus|*1.(0) Comparisons with Data

K
PDG 02
BNL-E865

PDG 02 K, —O—
KTeV K.,
KTeV K,
NA48 K5s

KLOE K35 (prelim)
KLOE K55 (prelim)
KLOE Ky, (prelim)

0215 022
IV, I f,(0)




Comparisens with; TTheory and |V, 4|

PDG 02
BNL-E865

PDG 02 K, —O—
KTeV K&,
KTeV K,
NA48 K&,

KLOE K§3 (prelim)
KLOE K&z (prelim)
KLOE Ky, (prelim)

0]
Leutwyler and Roos theor

Bijnens and Talavera
Becirevic et al.
Jamin et al.
T T T T T T y ' [ '
0.21 0.215
IV (I f,.(0)




Summary of Uncertainties on
|Vud|2 r |Vus|2

0.0018
0.0016
0.0014
0.0012

0.001
0.0008

0.0006

m@@rtaﬂmﬁw

0.0004

j 0.0002 —
0 [ ]

V., £.(0) 7, &, PDG02 | KTeV
BR FFl BR FF

SOUNCE Qi UNEERainty
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Other Methods to Determine |V,

Czarnecki, Marciano, Sirlin, PRD 70 093006 (2004)

PDG 02 K
@

E865(K;3).+ KTeV FF

KTEV
®

lattice f, /f_and F‘K—> uv)/T(t—uv)

. PDG 02,.Hyperons .

Hyperon re-anal,.CSW (no G.theory)

— 4+ —
T—>K.7c TV,

2 2\1/2
(L= Vel V)

T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T
0.216 0.218 0.22 0.222 0.224 0.226 0.228 0.23

IV, |




KTeV Measurement Summary

Four of the six largest K, branching fractions
differ from PDGO02 by 5-8%

(rare decays normalizations ??).

Improved form factors for Ke3 and Ku3
(x3 and x5 better precision than PDG02);
allows similar |V | errors from both K€3 modes.

Our |n,_| value is 2.6% lower than PDGO02.
> -



KTeV |V, .| Summary

KTeV measurements result in +3% shift in |V
compared to PDGO02 (from K, decays);
KTeV-PDGO02 difference in K -|V, | Is 5c!

usl|

Our |V | value is consistent with unitarity:
1—|Vy4l? — |Vysl? — IVl =0.0018 +£0.0019 .



KTeV Publications on |V |

|V,,<| determination

PRL 93, 181802 (2004)

K, branching fractions

PRD) 70, 092006 (2004)

Ke3 form factors

PRD 70, 092007 (2004)

B(K23y)/B(K£€3) and vy
decay distributions

PRD 71, 012001 (2005)

Supporting

Publication

Ke€3y Theory (KLOR)

hep-ph/0406006

C)
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Extra Slides
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Partial VWWidth Ratio Results

KTeV ratios
with K_; in
denominator
disagree with

PDG.

agrees with PDG. § 1000 x T, /Tyeq

PDG 02

KTEV
———
4.4 4 45

1000 x Tyy/Tyy,




KTeV Branching Fractions
assuming 2B = 0.9993

21 0 09 085
1000 x B(K —»n'n) 1000 x BK, —»n'm)




KTeV Comparison with
Individual Experiments

Guidoni 65 @
Astbury 65 @
Hawkins 66 @
Hopkins 67 .'
Kulyukina 68 .
4 Evanz 73 @ r+—o"r':-rh'.aa+r|{p3+r+_a:|
Brandenburg 73 @
Alexander 73 @

SO
deT+_.:.

Chan71 @
Behr66 @ |
Webber 70 @
Meizner 71 @
Cho71 @ :
James 72
Bado-Ceolin 75 @
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Semileptonic Form Factors: A,

Chien 71

Bisi7l o 1

Ignore 2"d order N :
term in KTeV to [t

Gjesdal 76

compare with Hill 78 B S]]
Engler78 +——— < ranile
Other Birulev 81 . EEGJG:!ISJG)

CPLEAR 00 HM ll_h.a_IIJPFI_]lﬁ@zl)

KTEV 04 o 8
NA48 04 |

measurements

| i ) li |
0.02 0.03 0.04

A, (K

+ eS)




Semileptonic Form Factors: A,

Sandweiss 73 Li-polarization

B!

KTeV A, agrees ~ Clark77

. ""D'Eiliti':blij’[
Wlth Ollly 2 Of 8 Donaldson 74 4—04—|

Buchanan 75

previous L

measurements. Cho 80
Birulev 81

| ¥Smere
- 485 o0 POGY

0.03 0.02 -0.01 0 001 002 003 0.04 005 O0.0€

A, (for A,=0.030)
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