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CKM most precise unitarity test

‘Vud‘Q + ‘Vus|2 + |Vub‘2 =1+ ACKM'
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CKM most precise unitarity test

‘Vud‘Q + ‘Vus|2 + |Vub‘2 =1+ ACKI\/L

error of the order of 0.02%
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CKM most precise unitarity test

‘Vud‘Q + ‘Vus|2 + |Vub‘2 =1+ ACKI\/L

error of the order of 0.02% negligeble (10-3) see talk by
Robert Kowalewski
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CKM most precise unitarity test

‘Vud‘Q + ‘Vus|2 + |Vub‘2 =1+ ACKM'

error of the order of 0.02% negligeble (10-3) see talk by
Robert Kowalewski

Need a precise determination of |Vus
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Vud determination

O Best result: from superallowed 0"—0* nuclear transitions.
(comprehensive review [ Towner & Hardy Rep. Prog. Phys. 73 (2010) 046301])
O Master formula T = K

2G°F [V I (L+Ap)

eConstancy of Gy= G¢|Vud| ©C Pmg KT v

“o 2AM YAr %Mn %2Ga ™Rb
34C| 428C 54CO

checked at 1.3 x 104 level

3090t

—

')

eScalar current consistent with ~—
— 3080}

zero (10-°Gy)

3070t

e Assuming universal coupling
(Gg=G,) can extract Vud

3060

Z of daughter
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Vud determination

2000
Date of analysis

From most recent neutron 3 decay result: 0.9758(13)
From pion  decay (PDG08):0.9742(26)
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The FlaviaNet Kaon working group

*The most precise measurement of |Vus| is obtained from the charged
and neutral kaon channel

*FlaviaNet Kaon WG (www.Inf.infn.it/wg/vus/). Recent kaon
physics results come from many experimental (BNL-E869, KLOE,
KTeV, ISTRA+, NA48) and theoretical (Lattice, %pp,) improvements.
The main purpose of this working group is to perform precision tests of
the Standard Model and to determine with high accuracy
fundamental couplings (such as V) using only published

data on kaon decays, taking correlations into account.
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Vus determination

Physics results:

A()

G m 0 — 2
L O S (1Yol £ () D (104 655 + 057

Vus|/|Vud| X fK/ﬁ;

FKes —

FK£2 _ ‘V’UJS’Q fl2( mK(l _m%/m%()Q (1 _|_5 )
Vual? f2 ma(1— m%/m%)Q M

Global fits and averages:
« K, K, and K*, dominant BRs and lifetime.

e Parameterization of the K—t interaction (form factor)
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Vus determination

Physics results:
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Vus|/|vud| X fK/ﬁ;
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Global fits and averages:
« K, K, and K*, dominant BRs and lifetime.

e Parameterization of the K—t interaction (form factor)
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K, leading branching ratios and t;

21 input measurements: Parameter Value

. 0.4056(9)
5+3 K'TeV ratios 0.2704(10)

NA48 Ke3 /2t1’ and F(3:n:0) 0.1952(9)
4 KLOE BRs 0.1254(6)
KLOE, NA48 n+n-/K 1.967(7) x 10~°
KLOE, NA48 yy/3m0 4.15(9) x 107°
PDG ETAFIT for m+r-/m0m0 2.84(8) x 107°

8)
—4
KLOE T, from 3n0 855(?3 x 10

5.47(4) x 1074

Vosburgh 72t 51.16(21) ns

10 free parameters, 1 constraint: 2BR=1

All /K ;; measurements are fully inclusive of inner bremsstrahlung
KLOE measurement is fully inclusive of DE, negligible in KTeV one
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Evolution of the average BR values

This fit x2/ndf = 19.8/12 (7.1%)
Minor differences wrt PDGO04:
» elimination of numerous old measurements

BR’s shifted by 60, -60, -50

BR(K_,) [%] BR(K ;) [%] BR(3x°) [%] BR(n*) [%)

PDG 04 ——— ——

PDG 09 : - -
This fit . =

27 27.5 20 21
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K¢ leading branching ratios and

6 input measurements: Parameter Value
KLOE BR(Ke3)/BR(r+7t-) BR(7"77) 0.6920(5)
KLOE BR(5+7t-)/BR (700) BR(n7") 0.3069(5)
Universal lepton coupling BR(K.3) 7.05(8) x 10~*
NA48 BR(Ke3)/BR(K, e3) BR(K,3)  4.69(6) x 10~*
t4: non CPT-constrained fit value, TK o 89.59(6) ps
2002 NA48 and 2003 KTeV measurements

5 free parameters: K, Kgn'n?, K e3,Ku3, T,
1 constraint: XBR=1

KLOE meas. completely determine
the leading BR values.

This fit */ndf=0.015/1 (90%) S=1 for any of the output values.
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K=+ leading branching ratios and t*

17 input measurements:
KLOE +3old T

KLOE BR(uv)
KLOE Ke3, Ku3, and Kn2 BRs
NA48/2 K /nn’, K /o’

Parameter Value
63.47(18)%
20.61(8)%
5.73(16)%
5.078(31)%
2)%
0
ns

K,,/Kdal 3.359

(3
3 old strtd/uy % 1.757(24)%
(1

)
)

KEK-E246 Ku3/Ke3 12.384
1 old + 1 KLOE results on 31t

Don’t use the result from Lobkowicz (),
7 free parameters, , :
. - don’t use the BRs from Chiang:
1 constraint: >BR=1 . .
* 6 BRs constrained to sum to unit.
 the correlation matrix not available
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Evolution of the average BR values

e This fit y*/ndf = 25.8/11 (0.69%); PDGO09 fit: x?/ndf = 52/25 (0.13%)
e some conflict among newer meas. involving BR(Ke3):
the pulls are +0.6 and -2.1 for NA48 and KLOE respectively

esome conflict among newer meas. involving BR(Ku3):
the pulls are +1.0 and -3.2 for NA48 and KLOE respectively

BR(K,,) [%] BR(K,3) [7]

PDG ’04 — PDG '04
PDG 06 PDG 06
PDG 09 PDG 09

This fit This fit

3.25

Evolution of the BR(K ;)*”

and of the important
normalization channels. PDG '04 PDG '04

BR(uwv) [%] BR(nn’) [%]

PDG ’06 PDG "06
PDG ’09 PDG "09

This fit This fit

1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1
62 64 19.5 20.5 21.5
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Vus determination

Physics results:

A()

G m 0 — 2
K O3S (Vasl £ (0)) e (1+ 0856 + 657

Vus|/|vud| X fK/ﬁ;

FKes —

FK& _ ‘V’UJS’Q fl2( mK(l _m%/m%()Q (1 44 )
Vual* f2 mz(1 —mg/m2)? =M

Global fits and averages:
« K, K, and K*, dominant BRs and lifetime.

e Parameterization of the K—g interaction (form factor)
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Parameterization of K, form factors

 Hadronic K—m matrix element is described by two form factors f,(t) and f(t)

defined by: (r(p,) |59l K (prc)) = (Pr + p)f K7(8) + (0 — ) 57 (1) L

t i

fot) = f+ () + ————= (1) K

- Experimental or theoretical inputs to define #-dependence of £, ().

o f () term negligible for K;.
t 1

2
. - t
» Taylor expansion: ffaglo ) =1+X o——+ =\, <—2 )
) “m A m

7T:|: 2 7T:l:

A" and A" are strongly correlated: —95% for £ (t), and -99.96% for f(t).
One parameter parameterizations:

» Pole parameterization ) M2 .
frolt) = ———
T M2t

> Dispersive approach plus K scattering data for both f,(¢) and f,(?)

rdis t rdis
L P(t) = exp W(A++H(t)) 0

T
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Vector form factor from K@

Quadratic expansion:
« Measurements from ISTRA+, KLOE, KTeV, NA48 with K, e3 and K-e3 decays.

« Good fit quality: x*/ndf=5.3/6(51%) for all data; x>/ndf=4.7/4(32%) for K, only
« The significance of the quadratic term 1s 4.20 from all data and 3.50 from K, only.
- Using all data or K, only changes the space phase integrals I ; and I=,; by 0.06% .
« Errors on I; are significantly smaller when K- data are included.

A pole parameterization is in good agreement with present data:
f+(t) = MZ/(ME —t), with My ~ 892 MeV A" = (m,_,/My)%; A" = 2\
« All four experiments quote value for My, for pole fit to Ke3 data.

The average value is Mv =871+5 MeV (%?/ndf=3.8/3)
o The values for A" and A,"" from pole expansion are in agreement with quadratic

fit results.
« Using quadratic averages or pole fit results changes 1° ; by 0.11% .

Improvements: dispersive parameterization for f (¢), with good analytical and unitarity

properties and a correct threshold behavior,
(e.g. Bernard, Oertel, Passemar, Stern Phys. Rev. Lett. D80 (2009) 034034)
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Vector and scalar form factor from K

« A", \,'" and A, measured for Ku3 from ISTRA+, KLOE, KTeV, and NA48.

« NA48 results are difficult to accomodate in the [A,', A, "', ] space.

« Fit probability varies from 3x10-7 ( ) to 14.5% (

KLOE KTeV ISTRA+
"2, x10°

1o contour
for all the
experimental
results.

Fit
with NA48

Fit
without
10 15 2,x10° NA4S

1 1 A 1 A 1

« Because of correlation, is not possible measure A"’ at any plausible level of stat.
« Neglecting a quadratic term in the param. of scalar FF implies: A,'—A,"+3.5A,"

P. Massarotti FP&CPYV torino May 26, 2010 15
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Vector and scalar form factor from K ;

The dispersive form factor parameterization clearly illustrate the contrast between

Ku ; result from NA48 and those from the other experiment

. . Fit
— KTeV NN without NA4S
— KLOE
~ NA48 \.
— ISTRA+ Fit probability varies from 0.026%
our fit (x2/ndf=25.7/6) with NA48
to 34.4% without NA48 y2/ndf=5.6/5.

1o contour
for all the
experimental

results. The blue dashed ellipse is a

new preliminary result
from KLOE, not included
in the fit.
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Vector and scalar form factor from K,

*Comparison of phase-space integrals evaluated from our averages of results of
quadratic-linear and dispersive fits

Integral A Ao A, InC Rel. diff.
0.15457(20 0.15476 +0.12%

—0.13%
—0.05%

0.10266(20)  0.10253
0.10564(20)  0.10559
+0.56 +0.38

) (18)
0.15894(21)  0.15922(18)  +0.18%
) (16)

) (17)

The intergals, when evaluated from the dispersive fit results, tend to be slightly
greater (no more than 0.2%) than from the the quadratic fit results.
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Global fits and averages:
 K;, K, and K#, dominant BRs and lifetime.

« Parameterization of the K—g interaction (form factor)

Physics results:
* [Vis< £1(0)

° Vus|/|Vud| XfK/fat
« Theoretical estimations of /,(0) and f/f. ..
- V and V , determinations.

* Bounds on helicity suppressed amplitudes.
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Determination of [V [xf.(0)

C G M KO-
F(Klj’(y)) — 19273 EW ‘ Vus‘z |f+ (0)|2 IK{(}\'+,0) (l'l'éKSU(Z)-FéK[em)2

with K=K*, K0; {=e,u and Ci?=1/2 for K*, 1 for K0
Inputs from theory: Inputs from experiment:

Universal short distance

S
v EW correction (1.0232)

F(KB(Y)) Branching ratios
properly inclusive of
radiative effects;

Form factor correction for lifetimes

6KSU 2
*) strong SU(2) breaking

1 K[(K) Phase space integral: A’s
parameterize form factor
dependence on ¢ .

K,;: only A,

.G Long distance EM
M effects
< |

[E7(0) Form factor at zero Callan-Treiman
momentum transfer (#=0) . > K ,:need )\, and),
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SU(2) and em corrections

K'e3
K°u3
Kte3
K*u3

¥suo*) - [ SNCAIT
+1.000 +0.081 +0.685 —0.147
0 _ +1.000 —0.147 +0.764
. _ +1.000 +0.081
+1.000
o OO
ot ORI

(values used to extract |V |f,(0))

« 0,,, for full phase space: all measurements assumed fully inclusive.
- Different estimates of 0,,, agree within the quoted errors.
» Available correlation matrix between different corrections for o,,,,.

|Val & |V, determination from kaon decays P. Massarotti FP&CPYV torino May 26, 2010 20




Determination of [V _|xf.(0)

CA2G.M,> KO-
L(K;30) =150 Sew | Vsl 1o O I(h, o) (140555, 48,2

% err , >
0213 0214 0215 0216 0217 «10-2 BRx10? ©x10-2 Ax10-2 I x10-

K, e3 —«— K3 02163(6) 26 9 20 11 6

—« K,u3 02166(6) 29 15 18 11

K3 0.2155(13) 61 60 11

K=e3 0.2160(11) 52 31 40

K=u3 0.2158(14) 63 47 39

0.213 0.214 0.215 0.216 0.217

Average: |V | £.(0) =0.2163(5) x*/ndf = 0.77/4 (94%)
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Theoretical estimate of /_(0)

_CEGMy V|2 Ko o2 N K Kt )2
F(KB(Y))_ 19270 SEW‘ us‘ S (O Tgl( +,o) (1+0% 5y +0%,,)

0 +

1 ' 1 T

Leutwyler & Roos estimate
still widely used: “
f+ (0) — 0.9 61 (8) Bijnens & Talavera

Jamin et al

0.961(8) Quark M.

|
|
|
I
:
0.971(9) XPT+LR

0.974(11) XPT +disp.

I
I
I
Cirigliano et al | 0.984(12) xPT+1/Nc

Nf=0 SPQcdR .960(5) (7) Clover

Lattice evaluations generally

N =D
agree well with this value; /

.968(9) (6) DWF
.967(6) Clover

RBC
JLQOCD*

ETMC-09 .9560 (84) TWMF

£.(0) = 0.959(5) (0.5% N =241

accuracy, total err.). HPQCD-FNAL*

RBC-UKQCD-07 0.9644 (49) DWF
RBC-UKQCD-10 | 0.9599(37)*33

P T R ST N N N T TR TR T T N T T T T T T

“SA “96 “96 Qg’\ 09% “99 ‘.QQ

K13: [V, £.(0) = 0.2163(5) and £,(0) = 0.959(5), obtain |V | = 0.2254(13)

0.962(11) Stag

use RBC—UKQCDI() value: QCDSF* E .9647 (15),.,. Clover
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I(K 5., _ My (1-m 2/M,2)2

1“(% Z(Y)) fJt m_(1 -muz/rnnz)2
Inputs from experiment: f /f
F(nK,Z())BRproperly e
inclusive of radiative ~0  co-racs-ss —--y | 115629)  Clover: a=005im->0,m>500 Vv
effects; lifetimes N
Inputs from theory: N=p |JLecD-03

RBC-03

Cy.. Rad. inclusive EW corr. . oose-07

Jx!f. Not protected by the S
Ademollo-Gatto theorem: only lattice.
« Lattice calculation of f./f 2+

RBC/UKQCD-09*

and radiative corrections PACS-CS-08

|
|
JLQCD/TWQCD-0 QI
|
1
|
|

X (I+a(Cy-C)))

1.192(30) Clover: a=0.11fm->0, m_>550 MeV
1.148(11)%*Clover:  m_>550 MeV
1.175(11) DWEF: m_>550 MeV
1.219(26) Clover:  m_>300 MeV

1.227(9)(24) TWMF:
1.210(6)(17) TWMF: a=0.07fm->0, m_>260 MeV

1.210( 14) Stag.:  a=0.09fm->0, m_>300 MeV
1.1977% Stag.
1.198(2)}f Stag.: a=0.045fm->0, m_>177 MeV

1.218%} DWF/Stag.:

1.205(18)(62) DWF: v
1225(12)(14) DWF: ™20 MeV

MILC-07

|
I
|
I
|
I
|
|
I
MILC-04 :
I
I
I
I
|
I
I

1.189(20) Thin Clover: m >156 MeV: (L m_>2.3!)
1.210(12)_ Overlap:

1.189(7) HISQ/Stag.: a=0.09fm->0, m_>240 Me\
1.192(12)(16) DWF/Stag.

1.192(7)(6) FatClover: a=0.065fm->0, m

benefit of cancellations. e ~
» Use average of HPQCD-UKQCDO07, i ey i

BMW, and MILC*09:f, /f. = 1.193(6). e -

AA A% 1420 (2D 96

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
I
|
|
|
|
|
|
|
|
|
|
|

KI2: [V |V ol filf. = 0.2758(5) and f/f, = 1.193(6), obtain [V |/|V 4=0.2312(13)
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Ve Vand V. /V g

V.| =0.2254(13), [V, ||V 4=0.2312(13) V,, = 0.97425(22)

)
N

fit —>

i

[N

<V, (0" -0

< fit with

unitarity

Fit (no CKM unitarity constraint):
V,q=0.97425(22); V = 0.2253(9)
v?>/ndf = 0.014/1 (91%)
* [Vad?~[Vus? - Vup|? - 1 =-0.0001(6)

* The test on the unitarity of CKM can be
also interpreted as a test of the universality
of lepton and quark gauge coupling:

~ ~ ro12 ro2 F1211/2
GorMm = (711 |—|""'u,d| + |""us| + l‘ ub| ]
1.16633(35) x 107° GeV 2

0.972

Fit (with CKM unitarity constraint):

0.974

0.976

G, = 1.166371(6) x 107° GeV

Vud

V.. = 0.2254(6) x2/ndf = 0.024/2 (99%)
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K ,: sensitivity to NP

Comparison of V  from K, (helicity suppressed) and from K, (helicity allowed)
To reduce theoretical uncertainties study the quantity:

Vs ( F {F 2 ) ‘ru d ( 0+t — 0t )
Rio3 = |——= X - .
V Us ( K ¢3 ) V ud ( T2 )

Within SM Ry,; = 1; NP effects can show as scalar currents due to a charged Higgs:

mﬁﬁ tan® 3

RM23%|1 —
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K ,: sensitivity to NP!

R,,; is accessible via BR(KMZ)/BR(TCMZ), V., [1.(0),
and V ,, and f /f /f (0) determinations.

Q.
c
S 80
» Using K= fit results, assuming unitarity for
Vus(Ky;) and using f./f /T, (0) from lattice: 60
Ry,;= 0.999(7)
40
« Uncertainty dominated by f,/f /f (0). Excluded by R ,,
. 950 : N W 95% CL
95% CL excluded region (with €,~0.01). W 67.28% CL
- In tan3-My, plane, R ,,; fully cover the 20
region uncovered by BR(B—1tv). L
200 400
m,,, (GeV)
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Conclusions

« Dominant K¢, K, and K= BRs, and lifetime known with very good accuracy.

* Dispersive approach for form factors.
« Constant improvements from lattice calculations of f,(0) and f/f

e |V, £.(0) at 0.2% level.

. |V | measured with 0.6% accuracy (with £.(0)= 0.959(5))
Dominant contribution to uncertainty on |V ] still from £, (0).
CKM unitarity test satisfied at 0.170 level

« Comparing |V | values from Ku2 and K13, exclude large region in the
(my,_tanP) plane, complementary to results from B—tv decays.
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KLOE-2 experiment

. //%\ ‘
Drift chamber: SN
. gas: 90% He-10% iC,H,, S [ —

o 6pT/pT =0.4% Barrel EMC
¢ 0,,~150 um ; 6,~2 mm

e O ~] mm

vertex

Calorimeter (Pb-Sci.Fi.):
« 0/E =5.7% / V(E(GeV))

e 0, =55 ps/V(E(GeV))@100 ps \
* 98% of 4m

/i

y
%%{///// AN ;§
) V 6 m

QCAL vetos: (Pb-scintillator)

| Magnetic field: 0.52 T |
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KLOE-2 eXEeriment |

e'ee —=e'eyy —eeX
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Minimal detector upgrade
o Tagger for yy physics: to detect
off-momentum e* from
e'e” >eteyy —ee’X

— Low Energy Tagger (130-230 MeV)
calorimeters, LYSO + SiPM

— High Energy Tagger (E > 400 MeV)
position sensitive detectors

(strong energy-position correlation

Interaction Point

= use the DADNE magnets as e+
spectrometer)

e No QCAL on quadrupoles (Pb shields)

« Luminosity goal: 5 fb! @ Vs =M,

Roll-in (Dec 2009) and alignment (Jan 2010)
Commisioning Mid June 2010
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Determination of [V X/ (0): improvements

% err

(102 BRX10? w102 Ax102 T x107

K.e3 0.2163(6) 26 o 20 11 6

K,u3 02166(6) 29 15 18 11
K3 0.215513) 61 60 11

K=e3 0.2160(11) 52 31 40

K+u3 0.2158(14) 63 47 39
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Determination of [V X/ (0): improvements

% err

(102 BRX10? w102 Ax102 T x107

K.e3 0.2163(6) 26 o 13 11 6

K,u3 02166(6) 29 10 13 11
K3 0.215513) 61 30 11

K=e3 0.2160(11) 52 25 25

K=u3 0.2158(14) 63 23 25

arXiv: 1003.3868v2 [hep-ex] 29 Mar 2010: Approved by EPJ
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Additional

information
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Vud: error budget

e Goal remains to tighten the window for new physics
by reducing the uncertainty on V..

® Uncertainty on calculated rad-
iative correction A is the Nuclear 0"~ 0"
dominant contribution to the V= 0.97425:0.00023
error budget.

W
=
T
|

® Nuclear-structure-dependent
corrections, 6. and §,, can be
tested by experiment; this has
already led to improvements,
but more are still possible.

N
=]
o7
0O
>
7

Uncertainty x 10°

=)
o

Data on “well known” trans-
itions can be made more

precise, and new cases can
be measured. f
. S. Towner

@ CKMO08
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Vud : data
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NUMBER OF NEUTRONS, N . §
: ft (143),) 1}
® 10 cases with ft-values measured .
to ~0.1% precision; 3 more cases ! E { + iii
with <0.3% precision. o0 1§ 3
e JIREEEG 3080 . 2
® ~150 individual measurements 3100
with compatible precision 3090 -
7t 3080 - 1 L
7 [ ] K 3070 - ¢ IiEI {
t=ft(1+35)]|1-(5: -0 = - r
i 5 2 2GV (1 + AR) — 5 10 15 2 25 30 35

Z of daughter

. S. Towner @ CKMOS8
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Dispersive parameterization: a test of lattice calculations

Scalar form factor f(t) = fo(t) £.(0) extrapolation at Callan-Treiman point:

. 1
fo(Akx) = Ix + Acr Acr = (—3.5+8) x 1073

 fx f4(0)
links £,(0) and f,/f, with A, measured in Ku3 decays.

};)(AKW) is evaluated fitting K; u3 with a
dispersive parameterization 0.970(25)

0.982(15)
s t . o
folt) = exp (;\ log(C — G ))) 1.039(17)

LA K

i STRA+ 0.966(16)
G(t) from Ko scattering data. 3 ).966(16)

To fit we use a 3™ order expansion .
0.95

From CT, using f,./f =1.193(6) obtain: f (0)=0.974(12) in agreement with
RBC/UKQCDI10 value: £.(0) = 0.959(5).
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