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1. Introduction and Motivation




1.1 Test of the Standard Model: V . and CKM unitarity

« Extraction of the Cabibbo-Kobayashi-Maskawa matrix element V
» Fundamental parameter of the Standard Model

Description of the weak interactions:

yo =iW+(DV
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1.1 Test of the Standard Model: V. and CKM unitarity

« Extraction of the Cabibbo-Kobayashi-Maskawa matrix element V
» Fundamental parameter of the Standard Model

Description of the weak interactions:
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» Check unitarity of the first row of the CKM matrix:
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1.1 Test of the Standard Model: V. and CKM unitarity

« Extraction of the Cabibbo-Kobayashi-Maskawa matrix element V/
» Fundamental parameter of the Standard Model

Description of the weak interactions:

CKM

W (DY, v U, +8,y%, +B,y"V, +T,7%V, )+he

,f
/

Gauge
coupling

» Universality: Is G¢ from py decay equals to G, from 11, K, nuclear 3 decay?

?

Gi - (guge)Q/M{}V = G%KM = (gqgé)z (|Vud|2 + ’Vus|2)/M{/lV

Uj

e, U



1.2 Constraining New Physics

« Extraction of the Cabibbo-Kobayashi-Maskawa matrix element V/
» Fundamental parameter of the Standard Model

Description of the weak interactions :

c,, ==wi(Dy,

EW \/E CKMyaUL + ELyaVeL + l'_l'LyaV“L + fLy“VTL) + h.c.

» Look for new physics
> In the Standard Model : W exchange =) only V-A structure

Y e,



1.2 Constraining New Physics

> BSM: sensitive to tree-level and loop effects of a large class of models

:> ‘Vud‘z +‘I/;ts i

v, ~ SUSY, Z,
X charged
———— = = -p— .
| | Higgs,
—_——— leptoquark,

= > <

Gr ~ g2Vi/My2 ~1/v2 A2 N

c, M,
) BSM effects : |A~ 42—

1 <102%-107° — A~1-10 TeV
g A
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1.2 Constraining New Physics

» BSM: sensitive to tree-level and loop effects of a large class of models

CKM

:> ‘I/ud‘z-l-‘Vus i

3.

at low
energy

Gr ~ g2Vi/M,2 ~ 1 V2 1/A2

SUSY, Z',
charged
Higgs,
leptoquark,

> Look for new physics by comparing the extraction of V ( from different

processes: helicity suppressed K,

Matthew Moulson & Emilie Passemar

helicity allowed K3, hadronic t decays



1.3 Some history

« 2002: Old K->Trlv, data give

Aoy =1-[ -] =0.003515)

=) PDG 2004: a 2.30 hint of unitarity violation?

« 2003 BNL 865 measures BR(K+ - n”e*V) =5.13(10)%
) value of V consistent with unitarity

« 2004 - present: Many new measurements from KTeV, ISTRA+, KLOE, NA48

» BRs, lifetimes, form-factors
» Much higher statistics than older measurements

» Proper account of correlations between measurements

:> Isospin breaking, radiative corrections start to matter:
computed within ChPT

« 2008 — beyond: Progress in the computation of hadronic elements from lattice

QCD

« Value of V 4 used in precise test of the SM

Matthew Moulson & Emilie Passemar




1.4 Experiment, Theory & Evaluation

~100 measurements of ~10 experimental parameters
v, from _— : : :
K, &K, 50+ (and counting!) lattice results for 2 hadronic matrix elements
{3

Radiative and SU(2)-breaking corrections, ChPT results, etc.
. Experimental averages, fits, etc
I Iay|_A Selection of results (experiments, corrections)
“!Kaon WG  Evaluation, discussion and intepretation

2006-2010 (EU 6FP) Final report: EPJC 69 (2010) 399
This talk is an attempt at an update to 2018

Corresponding effort to synthesize results from lattice QCD:

Flavor Lattice Participation by all major lattice collaborations
Averaging Group Biannual review of lattice results for z, K, B, D physics
(FLAG): 2013 review: EPJC 74 (2014) 2890

hitp-//itpwiki.unibe.ch/flag 2016 review: EPJC77 (2017) no.2, 112

Matthew Moulson & Emilie Passemar 11



2. V  from K,; decays




2.1 V__from K;; decays

K(P)
>

t=(P-p)

(p)
B

v

« Master formula for K — Trlv;: K = {K*,K%, I1={e,u} A

5
GmK
3

2
— 2 ~F
F(K—>nlv[y])—Br( )¥T=C} oz )

K 2

EW

fE (0)‘ (1+24% +24% )

us SUQ)

Experimental inputs:

Rates with well-determined
treatment of radiative decays
« Branching ratios
« Kaon lifetimes

r (k)

i (A ) Integral of form factor over
! phase space: 1s parametrize
evolution in t=q?

Matthew Moulson & Emilie Passematr

Inputs from theory:
S;,  Universal short distance
EW corrections

fK 7 (0) Hadronic matrix element
(form factor) at zero
momentum transfer (t=0)

A Form-factor correction for
M Jong-distance EM effects
AKXz Form-factor correction for

SUQ2)

SU(2) breaking
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2.2 Modern experimental data for V  from K,

Experiment Measurement Year
BNL865 BR( YBR( ) 2003
KTeV 7(K) 2003
BR(KLe3)! BR(KL,u3)5 }“+(KL63)! 2+,0(KL;13) 2004
ISTRA+ A (K 3)s 4. (K ,5) 2004
KLOE 7(K,) 2005
BR(K,.s), BR(K,5), BR(K,y), 1.(K,.5) 2006
21 (K7 ,m) 2007
7(K*), BR(KL.5), BR(K,,;) 2008
NA48 7(K) 2002
BR(K, /2 tracks), 1.(K, ;) 2004
[(Ks, /K 3); 21.0(K],.3) 2007
NA48/2 BR(K" ;/z*z"), BR(K+ /x* %) 2007

Above data set used for 2010 FlaviaNet review (fits, averages, etc.)

14



Updated fit to K rate data

6 input measurements:
KLOE BR 7%zt
KLOE BR rweviztn
NA48 I'(K; — mev)/T'(K;, — mev), 1
KLOE’11 7,
KTeV'11

2 constraints:
2 BR=1
* BR(K,;)/BR(K ;) = 0.66492(137)

From ratio of phase-space
integrals from current fit to
dispersive K,; form factor
parameters

Matthew Moulson & Emilie Passematr

Parameter Value
BR(z 7 (y)) 69.20(5)%
BR(7'7") 30.69(5)%
BR(K ;) 7.05(8) x 104
BR(K ;) 4.69(6) x 10
T 89.58(4) ps

x*/Indf = 0.20/3 (Prob = 98%)

p(BR(x*7"), BR(7'z")) = —-0.998
Little freedom in fit

Largest effect of 2011 5 data:

FlaviaNet 2010 Update
7= 89.59(6) ps 7= 89.58(4) ps
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Updated fit to K, rate data

21 input measurements:
5 KTeV ratios
NA48 BR(K,,/2 track)

e

4 KLOE BRs
with dependence on 7,

KLOE, NA48 BR(n"w /K ;)
KLOE, NA48 BR(yy/37Y)
BR(2z"/=*7") from K fit, Re &'/¢
KLOE 7, from 37"

Vosburgh °72 7,

KTeV BR(z 7 y/m*n(y)

E731, 2 KTeV BR(z 7 ype/mny)

1 constraint: X BR =1

Matthew Moulson & Emilie Passematr

Parameter Value S

BR(K,,) 0.4056(9) 1.3
BR(K ;) 0.2704(10) 1.5
BR(37") 0.1952(9) 1.2
BR(7"7 ') 0.1254(6) 1.3
BR(z'z (yg)) 1.967(7) x 103 1.1
BR(z" 7 y) 4.15(9) x 10> 1.6
BR(z" 7 ypE) 2.84(8) x 10> 1.3
BR(27") 8.65(4) x 10+ 1.4
BR(yy) 5.47(4) x 10% 1.1
T, 51.16(21) ns 1.1

7ndf =19.8/12 (Prob = 7.0%)

Essentially same result as 2010 fit

Current PDG ('09):

(0.30%)
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Updates: K* BRs and lifetimes

KLOE-2 BR(7'z"7") = 0.05565(31)(25) (0.7%)
PLB 738 (2014) * No good measurements of BR(z*z"7") in 2010 fit

* Reconstruct 2 tracks in small fiducial volume near
interaction region; evaluate missing mass for 3" track

 Fully inclusive of radiation, but radiative corrections
handled differently from other KLOE measurements

* Significant impact on value of BR(uv) from fit
Correlation between BR(uv), BR(z"z"77) = -0.75

ISTRA+ BR(K ,;/z ") = 0.2423(15)(37) (1.6%)
» Claimed to be fully inclusive for K ;,

* No mention of radiative corrections

* Many cuts, mainly topological

« 3 different selections, at least 1 may be largely
inclusive

* Included in PDG 15 fit
* Treated as preliminary here (not in K* BR fit)

PAN 77 (2014)




Updates: K* BRs and lifetimes

BR(K*— nev)
PDG '04 —e—
PDG ’10 ——
FlaviaNet 10 —
[Gpoee] -
1 1 L L I 1
4.5 5
BR(K=— uv)
PDG '04 —
PDG 10 -
FlaviaNet '10 | —®&—
[Update | ——
1 1 1 1 I 1 1 1 1
62.5 63.25 64

Matthew Moulson & Emilie Passemar

BR(K*— nnY)
PDG '04 —o—
PDG ’10 -o—
FlaviaNet ’10 | =
oosn]
1 1 1 1 I 1 1 1
19.5 20.5 21.5
BR(K*— 7nr)
PDG '04 -o-
PDG 10 o
FlaviaNet 10 =
o]
1 1 1 1 I 1 1 1
5 5.5 6



2.3 Electroweak corrections

« Master formula for K — Trlv: K = {K*,K%, I={e,u}

K(P) 7(p)

=

= (P -p)*

GZ

F(K > nlv[y]) =Br(K,)*t=C> 1;27;‘

2
V
us

K
SEW

e of 1,

1 +2A0 +2A )

SUQ)

« S, Short distance electroweak correction

/(4 4 T

S, =1+ 2—"‘[1+ Sjlog +o(aa
p

|

X X

Matthew Moulson & Emilie Passemar

=>

—) 8, =1.0232(3)

¥ 7 e
G T ‘ ij \V .\.:,“.

Sirlin’82



2.4 Krt form factors

« Master formula for K — T11lv;: K = {K*,K%, I={e,u}

2
I‘(K—)ﬂlv[y]):Br(Km)*r =C, 1G9FZ K S

R (0)| (1+2AK’ +2AK" )

SUQ)

 £,(0) : vector form factor at zero momentum transfer: K(EP) (p)
Hadronic matrix element: t=(P - p)? §
(7= (p)] sy,u [K'@)=7"" O (P+p), X 0)+(P=p), 7 )] ¢

f.(0) key hadronic quantity: In SU(3),, limit (mu=md=ms), CVC =) f,(0) = 1
Need to compute corrections in second order in SU(3) breaking

:> see later

Matthew Moulson & Emilie Passemar



2.4 Kt form factors

« Master formula for K — Ttlv;: K = {K*,K%, I1={e,u}

(K- miv[y])=Br(K,)*t=C; ¢

)

Hadronic matrix element:

(1) sy,0[K'®)=11 O (P+ ), F5 00+ (P- p), 7*

st 0, -
1;2 K gk K (1+2A’“ +2A57
K(P) m(p)
t=(P-p)

- Phase space integrals: Ik¢ =

+ InK,;decays: only vector FF j_:KO

*In K3 decays, also need the scalar FF | /()= £,(0+—

e ForV

us?

o]
o)

t
2 [ dt 2\3/2 (1

oy T
3 m32 ]\48 2t

2 Sm%A%(Tr
X (f+(t) (2t—|—m£))\f0()>

(1)

L 7
.

K

need integral over phase space of squared matrix element: Parameterize form

factors and fit distributions in t (or related variables)

Matthew Moulson & Emilie Passemar
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K,; form factors parametrizations

« Parametrizations based on Taylor expansion:

2
_ t — , t " t
f+,0(t) =1+ A+,0 (mz ] or f+,0 (t) =1+ )“+,0 {”’lz} t /1+,0 [”’lz]

Very simple parametrization but limited in energy range and not physically
motivated: many parameters and strong correlations between them
) unstable fits

* Physically motivated parametrizations:
— Pole parametrization

M’ Vs Well motivated for the vector (K* resonance)
f+0(t) M, But for the scalar Mg?
— Dispersive parametrization Bernard, Oertel, E.P., Stern’06,’09
- t
f.(t)= exp{ (A, H(t))} and f,(t) = exp{ﬁ (InC-G(»)
T K /3

Matthew Moulson & Emilie Passemar



Dispersive representation for the form factors

« Take the K11 rescattering into account Bernard, Oertel, E.P, Stern’06, ‘09

» Allow to determine the slope and curvature of the form factors: only 2 param.

13 T ] T ] [I I

[t0=(mK—m”)2]l CT point [AK,,=m§—mf,]

ol Physical Region

1 I 1 1
t, 0.15 0.2 Ak 0.25
t[GeV]

 Use the CT theorem for the scalar FF :> Write a twice substracted
dispersion relation for In f(t) at t=0 and at the CT point for the scalar FF

« Does it improve the agreement with data?

Matthew Moulson & Emilie Passemar 26



2.4 Dispersive representation for the form factors

« Use dispersion relations to parametrize the FFs

Unitarity: discl:f 0.+ (S):I oc tgl ' (s)f 0,+ () Bernard, Oertel, E.P., Stern’06,09

2 2
me—m,

‘  fun=exp
 Omnes representation:

/> ¢+,0(s) . phase of the form factor
- §<5,: 0, ,(5)=0,,(s)
LN

Kt scattering phase

- 525, : @ ,(s) unknown

:> ¢+,0(S) = ¢+,0as (S) = ﬂi T (i+,0(s) —)I/S)

, . , ~ Brodsky & Lepage
« Alarge error turns out in a small uncertainty in the physical region

Matthew Moulson & Emilie Passemar 24




Callan-Treiman Low Energy Theorem

Bernard, Oertel, E.P.,, Stern’06, ‘08

Callan-Treiman theorem:

_ F F, ‘V“s
C = A = K +A =
fO( K”) Fﬂ'f+ (0) i {ﬂ ‘Vud

1
£.0)[v*

ud

J

Very precisely known = Be"p =1.244641)
from Br(KI2/xl2), I'(Ke3) and |V 4|

+ A,

2 2
mK _mﬂ'

In the Standard Model : |r=1 (ln Con = 0-2141(73)) Ay =(-35%8).107

NLO value + large
error bars in

: : : agreement with
In presence of new physics, new couplings : | # 1 Biinens&Ghorbani’07

u 4 Kastner & Neufeld’08
Ex: 7

s,d %

Matthew Moulson & Emilie Passemar 27



2.4 K,; form factor data

* Form-factor parameter measurements in FlaviaNet 2010 fit:
K,:  KTeV, KLOE, NA48 (K, only)
K ISTRA+

« Even if not in the original publications, all experiments have:

» Obtained results for Taylor, pole, and dispersive parameterizations
» Supplied parameter correlation coefficients

New measurements:

NA48/2 2.3 x 106 Kilﬁ OKA 5.25 x 106 K* ;
1808.09041 4.4 x 10° K*; JETPL 107 (2018)

Updating 2012 preliminary Described as preliminary

See talk by M. Piccini Extraordinarily high precision claimed,
K* and K~ simultaneously acquired in esp. for 4./, 4,"

dedicated minimum-bias run Rudimentary discussion of systematics
Taylor, pole, and dispersive fits with Not yet included in updated K ; fit

complete investigation of systematics

Matthew Moulson & Emilie Passemar 26



2.4 Fit to K ,; form-factor slopes: 2010

Slopes from | KTeV [KLOE | IsTRA+ | NA4s [20107it I_l

. 3
F‘ AI_aVI A Slope parameters x 10

76! Kaon WG A, = 25.15%0.87

2010 Review 27, = 1.57 £0.38

p(A, A7) = —0.941
x*/ndf = 5.3/6 (51%)

Excellent compatibility
Significance of 7, > 40

I(K° ) = 0.15463(21)
I(K*,;) = 0.15900(22)

- 68% CL contours

20 30
Matthew Moulson & Emilie Passemar /1'_,_ X 103




2.4 Fit to K ; form-factor slopes: Update

Slopes from [KTeV [KLOE] 1sTRA+ | NA4s

4 Preliminary
update

A7, x 103

Excellent compatibility
Very small change in A’,

I(K° ) = 0.15463(21)

- 68% CL contours I(K* ;) = 0.15900(22)

1 I 1 1 1 1 I 1 1
20 30

Matthew Moulson & Emilie Passemar

28



2.4 Fit to K ; form-factor slopes: Update

Slopes from [KTeV [KLOE] 1sTRA+ | NA4s

<)
<4 Preliminary
R update
Q
2 _—
I OKA
- JETPL 107 (2018)
0 - : : :
Not included in the fit
I .  Stated as preliminary
- 68% CL contours -+ If included: y%/ndf = 45/10
1 | 1 1 1 1 | 1 1 (P ~ 10_6)

20 30
A, x103

Matthew Moulson & Emilie Passemar
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27, x 103

27, x 103

S

N

F =N

N

2.4 Fits to K ; + K ; form-factor slopes: Update

[kTev [KLOE] IsTRA+

NA48 K, data included in fits but not shown

[2010 fit [Update]

i (3]

B Preliminary S - Preliminary

A update 5¢ update

_ _+

- <

| 68% CL contours 25 |-

C 1 1 | 1 1 1 1 | 1

20 25

A x103

— Preliminary

s update 20 |-

| 68% CL contours | 68% CL contours

- I L L L L I L L L L I L L I L L L L I L L L L I

10 15 20 10 15 20

10 X 103 20 X 103




2.4 Dispersive parameters for K, form factors

K, avgs from [KTev[KLOE|IsTRA+

NA48 K, data included in fits but not shown

| 2010 fit

Integrals
Mode Update 2010
K%,  0.15470(15) 0.15476(18)
K*,; 0.15915(15) 0.15922(18)
K°; 0.10247(15) 0.10253(16)
K*; 0.10553(16) 0.10559(17)

0.25 I~ preliminary 68% CL contours
O | update
=
0.2 |-
0.15 1 | L | 1 1 1 | 1 1 1 |

Matthew Moulson & Emilie Passemar

A, x 103

Only tiny changes in central values
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2.4 Dispersive parameters for K, form factors

K, avgs from [KTev[KLOE|IsTRA+ [ 2010 fit

NA48 K, data included in fits but not shown

0.25 - Preliminary 68% CL contours
O | update
=
0.2 Fit results include common
] uncertainty from H(7), G(?):
i Gparam(A+) = 0.3 X 1073
- Gparam(In C) = 0.0040
- KTeV, Bernard et al.’09
With parameterization
i uncertainty Confidence ellipses shown without
oistb—ounu——oa 1 o . 1 .+ . . | common uncertainty (except as
25 26 27 indicated)

3
Matthew Moulson & Emilie Passemar A+ X 1 O 32



2.4 Dispersive parameters for K, form factors

K., avgs from [KTev [KLOE]IsTRA+ IV
NA48 K., data included in fits but not shown

0.25

0.2

0.15

Preliminary
update

68% CL contours

With parameterization

uncertainty

25

26

Matthew Moulson & Emilie Passemar
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A, x 103

| 2010 fit

Fit results include common
uncertainty from H(7), G(?).

Without common uncertainty:
a(A,) (0.38 = 0.22) x 1073
o(ln C) 0.0078 — 0.0067
o(K,; int) 0.10% — 0.09%
o(K,; int) 0.15% = 0.11%
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2.5 Long distance electromagnetic corrections

« Master formula for K — 11lv: K = {K*,K%, I={e,u}

G2m5 2 0,_- 2
— —_ 2 F'"K ok K'rn Kl Kr
(K - ziv[y])=BrK,)*t=C? e L AT ) 1,,(1 2157 )
« Long distance EM corrections: &, Cirigliano, Giannotti, Neufeld’ 08
( ) / ) Mode Senr (%)
i Ry .y + & é Ky 0.495 &+ 0.110
\, <> KL 0.050 &+ 0.125
e Kps  0.700 £ 0.110
%/ ------------------------------ / K, 0.008 & 0.125
- = Y,

» ChPT to O(p2e?)
» Fully inclusive prescription for real photons

» Uncertainties: LECs (100%)

Matthew Moulson & Emilie Passemar 34



2.6 Isospin breaking corrections

« Master formula for K — 11lv: K = {K*,K%, I={e,u}

(K - niv[y])=Br(K,)*7= CZsz”mffs" “(0)‘ (1+24% + )
K 19273 SUQ2

« |sospin breaking corrections: A*” Kn  _
i Y R G
+

31 — . Gasser&Leutwyler’85
m 4
> In ChPT at O(p4) : A;‘l’;z):Z 2[_;‘ + 21’ (1+ Aﬂ
Q my m
, m:—m’ ~ m +m
=& m=—=
0 m,—m’ 2

35
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2.5 Isospin breaking corrections

ASU(2) — £+(0X™  strong isospin breaking
 f(0)K Quark mass differences, ;-7° mixing in K*z° channel
i 2_ 2 y4=0252
= éiz A_4—12< At (1 -+ @) Q2 = m;—m NLO in strong interaction
40\ M - 2 m m; — m% O(e?p?) term g4 ~ 1076

=+2.61(17)% Calculated using

Q=22.1(7) M = 494.2(3) Isopsin-limit
mS/i% = 27.43(13)(27) M_=134.8(3) mesonmasses

» Calculation scheme of Kastner & Neufeld '08, Cirigliano et al. 02
» LECs from Bijnens & Ecker '14

Matthew Moulson & Emilie Passemar 36



2.5 Isospin breaking corrections

Previous to new results on Q, uncertainty on ASY(2) |leading contributor to uncertainty
on V, from Ktdecays —can it be reduced?

Ut Continuing progress + systematic
° xPT O(p*) (Gasser, Leutwyler’85) . T .
j _ review of existing results for light-
° xPT O(p%) (Bijnens, Ghorbani’07)
——e—— dispersive (Anisovich et al.’96) quark Masses may help
——e—— dispersive (Kambor et al.’96)
—e— dispersive (Kampf et al.’11) Recent disperSion r6|ati0n
° | dispersive (Guo et al., JPAC’15’17) analyses of /] — 3 Dalitz plot
—e— dispersive (Albaladejo et al.’17) e.g. CO/ange/O, LanZ, LeUtW_y/er, E P18
—eo— dispersive (Colangelo et al.’18)

1.6 fb~! KLOE ’04 -’05 data

kaon mass splitting

° Weinberg’77
. Kastner, Neufeld'08 Continuing progress on lattice
E.g. BMW 16 PRL 117
lattice
—e—t N;=2+1BMW’16 ]vf =2+1 QCD, 5sp, m, phys
. . : Ny =2+1+1 RM123°17 Partially quenched QED
o Ny =2+ 1+ 1 Fermilab lattice, MILC 0= 23'4(4)st(3)3y(4)QED

FTUMQEDLS but some tension

Q 37



Approx. contrib. to % err from:

% err BR T A

2.6 |V, |f.(0) from world data: 2010
|V sl £:(0)
—— K,e3 0.2163(6)

——  K,u3 0.2166(6)

. K3 0.2155(13)
. K*e3 0.2160(11)
. K3 0.2158(14)
0.2I14l I0.2l16I I 10.2118

026 0.09 0.20 0.11

029 0.15 0.18 0.11

0.61 0.60 0.03 O0.11

052 0.31 0.09 0.40

0.63 047 0.08 0.39

Average: |V, | £.(0) = 0.2163(5)

22ndf = 0.77/4 (94%)

Int

0.06

0.08

0.06

0.06

0.08
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2.6 |V, | f.(0) from world data: Update

|V sl 1(0) Approx. contrib. to % err from:

0.214 0.216 0.218 % err BR T A Int
I L] L] L] L] L)

K,e3 0.2164(6) 026 0.09 0.20 0.11 0.05

K,u3 0.2167(6) 0.29 0.15 0.18 0.11 0.07

K3 0.2156(13) 0.61 060 0.02 0.11 0.05

K=e3 0.2169(8) 035 0.27 0.06 0.21 0.05

Ku3 0.2167(11) 0.50 0.45 0.06 0.21 0.07




2.7 Determination of f.(0)

* SU(3) breaking in f,(0) |
— CVC + Ademollo-Gatto theorem: fi ™ (0) — 1 = O ((ms — m,)?)

i\'o.,—,—(o) =14 fpu + fs +... } chiral expansion
I I

O(my) O mg )

- One loop graph : 6

)

Gasser & Leutwyler’85

(ms — my,)?

. . d 1 : /
- First order in m,, 2" order in (mg—m,) ==) [y ~ =

- No local operators, UV finite, free of uncertainties

. —0.0227]

Matthew Moulson & Emilie Passemar
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2.7 Determination of f.(0)

* SU(3) breaking in f,(0) .
— CVC + Ademollo-Gatto theorem: fi‘ "(0)-1=0 ((*m-s —my)?)

{ 7{"0”_(0) =14+ fou + frs +... chiral expansion

Bijnens & Talavera’02

f :
Po 2—loops L; xloop ‘tree /.
foo = Foe (u) + fr (1) + £ ()
| | IS
[j;'"""“(j;\lp) = ().()113] [f]fg"”‘"’"(;\/p) = —().0()2()]

(L5(M,))?
F2

~C(M o= Cay(A Ip:)

12 _ ] 912
Large positive o Mi _)-”r.)
chiral loop cont. I

LECs not fixed by chiral symmetry:
quark model, large-Nc estimates, LQCD
41
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2.7 Determination of f.(0)

FLAG '16
1607.00299

Nf = 2+1+1

ETM 15C
FNAL/MILC 13E
FNAL//MILC 13C

Nf= 2+1

RBC/UKQCD 15A
RBC/UKQCD 13
FNAL/MILC 12I
JLQCD 12
JLQCD 11
RBC/UKQCD 10
RBC/UKQCD 07

——
—
—1

H-

1

| m—

—

- —-H

{

Nf =2
ETM 10D
ETM 09A

QCDSF 07

RBC 06
JLQCD 05
JLQCD 05

Kastner 08

Cirigliano 05

Jamin 04
Bijnens 03
L&R 84

1

H—@—H

—C—

ChPT, etc.

FLAG’16 averages:

N, = 2+1 £.(0) =0.9677(27)
Uncorrelated average of:
RBC/UKQCD 15A: DWF, m_ — 139 MeV
FNAL/MILC 12I: HISQ, m_~ 300 MeV

N,=2+1+1 £,(0) = 0.9704(32)
FNAL/MILC 13E: HISQ, m, — 135 MeV

Recent updates:

Ny = 2+1 £.(0) = 0.9636(*%2 ) PRD96 (2017)
JLQCD: Overlap, m, — 300 MeV
Exact chiral symmetry, one lattice spacing

N,=2+1+1 f,(0) = 0.9709(44)(9)(11) PRD 93 (2016)
ETM 16: TWMW, 3sp, m, — 210 MeV
Full 4? dependence of £,, f,

£.(0) =0.9696(15)(11)
FNAL/MILC update 13E

1809.02827

ChPT:

N, =2+1  f.(0)=0.970(8) Chiral Dynamics 15
Ecker 15: According to Bijnens 03

New LECs from Bijnens, Ecker 14 42



2.7 Determination of f.(0)

FLAG 16 Ny=2+1+1
1607.00299 - ETM 15C

FNAL/MILC 13E
i FNAL/MILC 13C

Nf= 2+1

RBC/UKQCD 15A
RBC/UKQCD 13
FNAL/MILC 12I

JLQCD 12
JLQCD 11
RBC/UKQCD 10
RBC/UKQCD 07
—— N,= 2
—{ ETM 10D
— ETM 09A
[ ] QCDSF 07
H—{ —H RBC 06
H-{ JLQCD 05
—H JLQCD 05
Kastner 08 H—@—H
Cirigliano 05 } O i
Jamin 04 : - |
Bijnens 03

——
L&R 84 +—@— ChPT, etc.

FLAG’16 averages:

Nf = 2+1

£.(0) =0.9677(27)

Uncorrelated average of:
RBC/UKQCD 15A: DWF, m_— 139 MeV
FNAL/MILC 12I: HISQ, m_ ~ 300 MeV

N,=2+1+1 f,(0) = 0.9704(32)

FNAL/MILC 13E: HISQ, m, — 135 MeV

Our averages:

Nf = 2+1

£.(0) = 0.9677(27)

FLAG average, Nov 2016 update
JLQCD17 not included because
only 1 lattice spacing usedF

RBC/UKQCD15A 0.9685(34)(14)
FNAL/MILC12]  0.9667(23)(33)

N,=2+141 £,(0) = 0.9709(44)(9)(11)

FNAL/MILC18 preliminary replaces
FNAL/MILC13E in FLAG average
FNAL/MILC18 0.9696(15)(11)

ETM16 0.9709(44)(9)(11)exs



q- dependence of K7t form factors

ETM N,=2+1+1 Twisted-mass Wilson fermions

|L1wa;£(0)

SISPEEREOIIM 3 lattice spacings, smallest m, — 210 MeV
Results for full g dependence of £, £

0.26 2 ,é

= V@)
2
o Vusf()(q )

— exp data fit
025+ —

0.24

0.23

0.22

0 0.02 0.04 0.06 0.08 0.1 0.12

q*[GeV]
Fit synthetic data points with
dispersive parameterization
A, = 24.22(1.16) x 10-3 p(A., f.(0)) = -0.228

In C = 0.1998(138) p(in C, £,(0)) = -0.719
p(A,, In C) = +0.376

f +(0) = 09709(44)st(g)sy(1 1 )ext

D 0.25
P
Giusti et al. |STRA+
@ \
NA48/2 KLOE
015 . . : . . . |
22 24 26
« Basic agreement with A,x103

experimental results

« Confirms basic correctness of
lattice calculations for £, (0)

* In the near future FF parameters
will be obtained on lattice? 44



2.8 |V, |(K,;) and |V, |(0*— 0*): Update

Hardy & Towner, CIPANP °18
|V, = 0.97420(21)

World data set very robust

14 transitions with compatible
measurements at 0.1% precision

From FlaviaNet 2010 K, analysis
V.| f.(0)=0.2163(5) |V, | =0.2254(13)
with £,(0) = 0.959(5)  with |V, | = 0.97425(22)
Acky = +0.0000(8)

or better

Update with |V | £.(0) = 0.21652(41) and |V, | = 0.97420(21)

1.5-2¢ inconsistency with unitarity first seen with 2014-era lattice results
Relative to 2014 slightly better agreement between N,=2+1 and N,= 2+1+1
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V 4 from 07— 07

I Gﬁﬂ-’;dl?m? 2984.48(5) s

= f(Q) (14 RC) —— ft(1+ RC) =

712

t w3 log 2 |V |*
(1+ RCY=(1—-4¢) (14+0dg) (1+ A¢)

(flTele) = \/2(1 & dc/2) Nucleus-dependent Nucleus-independent
Coulomb distortion rad. corr. short distance rad. corr.
of wave-functions (Z, Emax nuclear structure)

) ) ) Ar ~ 2.4%
¢ ~ 0.5% 5r ~ 1.5%
Marciano-Sirlin ‘06
Towner-Hardy Sirlin-Zucchini ‘86
Ormand-Brown Jaus-Rasche ‘87

v e
v @i
n p
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V_,from 07— 0"

In 2010 :

» Survey of 150 measurements of
13 different 0* — 0* B decays

* 27 new ft measurements including
Penning-trap measurements for QEC

» Some old measurements dropped
* Improved EW radiative corrections

Marciano & Sirlin’06

* New SU(2)-breaking corrections

Towner & Hardy’08

Evolution of V 4 over years

0.975 T . . . s
0074} @ } { { ¢ $.
0.973 - s
19.90 20.00 2(.)10
Towner@CIPANP’18

Since then 24 new measurements, critical review of IB correction and test of CVC

1OC 22Mg 38Km 46\/
140 26A|m 34Ar 50Mn

Ft [s]

3090 -

3080+

3060

%CI #5¢c  *Co

| 1 | 1 | 1 |

st l ;]Hm -

1 1 1 1
0 10 20

Z of daughter

3100

3090

3080

3070

3060

140 ZGmAI 34Ar 4ZSCSOMn

22Mg ®Ca 2Ga “Rb
“CI¥MK %V *Co

Z of daughter 47



Current Status of V_,determination

Towner@CIPANP’18
9800 |- -
V,,=0.97420 + 0.00021
Vud
9750 |- } -
| l
9700 k= 1 1) 1 1 d
nuclear neutron nuclear pion
0t 0ot mirrors
003 F 3 F J F 3 F =
= ! {0t 1l ||
£ o002 | 4 L d L 4 L i
©
=
Q — e o — -
O I | e o —— -
S 001} 4 | 4 | 4 F -
Bl el . e | —
Experiment - Radiative correction - Nuclear correction
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2.8 |V, |(K,;) and |V, [(0T— 07): Update

Seng, Gorchtein, Patel &
Ramsey-Musolf
arXiv:1807.10197

New calculation y-box contribution to universal
radiative correction using dispersion relations
and DIS structure functions

V., = 0.97366(15)  Contribution possibly already in part included
in structure-dependent radiative corrections

_1.5¢ shiftin V,
’ “ - Needs verification!

Update with |V, £.(0) = 0.21652(41) and |V, | = 0.97366(15)

Choice of £.(0) V., Ackm = V.2 +V,2—1
N, = 2+1 0.9677(27) 0.2238(8) -0.0019(5) =-4.2¢
Ny=2+1+1  0.9698(17) 0.2233(6) -0.0021(4) =-540

If correct, 4-50 unitarity violation in first row!
Calculation is attracting interest and requires better understanding
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3. V., ./V,6, from K,/%t, decays




3.1 Master formula for V', /V, , from K,,/7,, decays

*  From K,/1m,:

1/2
IVusIfK_(FKuzmmni> l—mﬁ/mii( 1 I ())
2

1 — —OgMm — =Osy

Vial fr L' MK 1 —mf /my. 2 2
Inputs from theory: Inputs from experiment:
Cirigliano, Neufeld *11 Updated K* BR fit:
Ory = —0.0069(17) BR(K*,,,)) = 0.6358(11)
Long-distance EM corrections 7., = 12.384(15) ns
Osuzy = —0-0043(5)(11) PDG:
Strong isospin breaking a
Lolfe = fdfo BR(7*,,(,) = 0.9999

7. = 26.033(5) ns

Lattice: f,/f,
Cancellation of lattice-scale
uncertainties from ratio
NB: Most lattice results already
corrected for SU(2)-breaking: f,../f.. No SU(2)-breaking correction
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3.2 Electromagnetic corrections

Giusti et al. First lattice calculation of EM corrections to P, decays
PRL 120 (2018) « Ensembles from ETM

* N.=2+1+1 Twisted-mass Wilson fermions

Osy) + 0gm = —0.01 22(16)

 Uncertainty from quenched QED included (0.0006)

Compare to ChPT result from Cirigliano, Neufeld ’11:
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3.3 Lattice results for f./f

FLAG '16
1607.00299

N.=2+1+1

ET’I:/I 14 E
FNAL/MILC 14A
ETM 13F
HPQCD 13A
MILC 13A

MILC 11

ETM 10E

Nf = 2+1

RBC/UKQCD 14B

RBC/UKQCD 12

Laiho 11

BMW 10

JLQCD/TWQCD 10

RBC/UKQCD 10A |

PACS-CS 09

BMW 10

JLQgD/TWQCD 09A

MILC 09A

MILC 09 F:L%—lj
T

- -

+[1]

d
H H
H

Aubin 08 o

PACS-CS 08/A | r
RBC/LH-KQGB—GG—)_&-D
HPQCD/UKQCD 07

NPLQCD 06 [

MILC 04 —H _H—
N,=2 |

ETM 14D
ALPHA 13
BGR 11
ETM 10D

ETM 09
QCDSII:/UKQCD 07 | )

1.14 1.18

u,,

1.22 1.26

Matthew Moulson & Emilie Passemar

FLAG ’16 averages:

‘Nf = fif.=1.192(5)
2+1 Unchanged from FLAG ’13 average
Ny= Jiilfre = 1.1933(29)

2+1+1 ETM 14E: TwM, 3sp, m, = 210-450 MeV

FNAL/MILC 14A: HISQ, 4sp, m_phys
Updates MILC 13A

HPQCD 13A: HISQ, 3sp, m_ phys,
Same ensembles as FNAL/MILC 14A

Recent updates:

Sfilf,, = 1.1945(45)

RBC/UKQCD ‘14: DWF, m_ = 139 MeV
Jfx and f, separately (isospin limit)
Recently published

Silfr =1.1978(28)

BMW ’16: Clover, 5sp, m, — 139 MeV

Nf =
2+1

53



3.3 Lattice results for f./f

Our updates of FLAG averages for results without SU(2)-breaking

N, =2+1+1 flf. = 1.1960(40)
HPQCD13A 1.1948(15)(18) } Correlated uncertainties
FNAL/MILC14A*  1.1983(+28_,,)

ETM14E 1.188(15) <« Uncorrelated uncertainty

Ny=2+1 filf. =1.1927(38)

HPQCD/UKQCDO07 1.198(7)
RBC/UKQCD14B  1.1945(45)
BMW16 1.182(10)(26)

* Corrected using Cirigliano, Neufeld '11 with updated values:

Sk Jk 3 2

4 M>
== . /148 ) ~ | = —1 Mz —M?>—M2In—X

R =34.4(2.1) Colangelo et al. 18 M, =494.2(3) FLAG’17

Matthew Moulson & Emilie Passemar 54



3.3 Lattice results for f./f,

V.V, ) % fi)f.. = 0.27599(37) and |V, | = 0.97420(21)
Osp + 0gm = —0.0122(16) from Giusti et al. *18

1/2
Vus| fk (FKuz(v)mni) / l_mﬁ/mazti (1—1 1 )

£ OpMm — =0
Val 7=~ \Topoame) T s (120~ 3000

95



3.3 Lattice results for f./f,

WV, JV, ) % fiJf.. = 0.27599(37) and |V, | = 0.97420(21)
Osy@) + Oem = —0.0122(16) from Giusti et al. 18

K,, results give better agreement with
unitarity via V,, than K, results (-20)

Exercise:
« Assume |V |\, 1V IV I x fi. lf.., and f. /f . all correct

us' " ud
* In K,; does the discrepancy arise from data or from

lattice results for £.(0)?
56



4. V and Unitarity of the CKM matrix




4.1 Looking for New Physics with K, and K,

« (Callan-Treiman theorem:

— F Fy|V*® 1 .
C=f,A;,)= - +Ao = K‘ ud s ‘ r+Acq
F_f.(0) {,, Ve £,V 5
i =, Y

Very precisely known

= | B, =1.2446(41)

from Br(KI2/=l2), [(Ke3) and |V |

 |nthe Standard Model :

r=1

(InC,,, =0.2141(73)) A, =(-3.5%8).10°

 In presence of new physics, new couplings : |F # 1

NLO value + large
error bars in

Experiment K ;+K ;3 InC

NA48°07 (K 3 alone) 0.144(14)
KLOE’08 0.204(25)
KTeV’10 0.192(12)

NA48/2, previous talk 0.184(15)

Matthew Moulson & Emilie Passemar

agreement with
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4.1 Form factors & the Callan-Treiman relation

Callan-Treiman relation:

fk 1
folter) =575

Use ChPT & form-factor data to

+Act

test N.=2+1+1 lattice consistency:

* Use lattice reference value
filf.=1.1933(29)

 Obtain £.(0) corresponding to each
result for In C

« Compare to lattice reference value
£.(0) =0.9704(32)

« Basic consistency (0.7s) between
lattice values for f/f, and f£,(0) and
measurements of In C

» Uses no experimental
information on decay widths

Matthew Moulson & Emilie Passemar

—m 22— 2
lcr =My —m;

Acr = (-3.5+0.8) x 103 ~O(m,, m
Gasser, Leutwyler '85

Dispersive representation: f(¢-r) =C

KLOE  0.973(24)
KTeV  0.985(14)

NA48/2 0.979(11)

ISTRA+ 0.968(15)

0.9704(32)
, .

10)

|
0.95
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4.2 V, and CKM unitarity: All data, N=2+1

N,=2+1: Fit to results for IV, |, IV, |, 1V, NV, ]
£.(0) =0.9677(27), f./f. =1.1927(38)

» IV, | =0.97420(21)
IV, | = 0.2238(8)
v, IV, | = 0.2320(8)
Vis [ 68%CL ellipse (V b
L Without scaling S = 2.0 Ve
0.226

Fit results, no constraint

 l—fitwith
fit="" unitarity
0.224 -

0.222 -

< With scale factor S = 2.1
B V. =0.97418(45)
V.= \Z
L | 1 1 1 1 | 1 1 1 |
0.965 0.97

V. =0.2249(12)
0.975 V,,
Matthew Moulson & Emilie Passemar

60



4.2 V, and CKM unitarity: All data, N=2+1+1

N,=2+1+1: Fit to results for IV I, IV, I, 1V, IV | »
£.(0) =0.9698(17), f,/f. =1.1960(40)

8

IV, | =0.97420(21)

Vus [ 68%CL ellipse
- Without scaling § = 2.2
g \\’ wd
0.226 |- Vo
« fit with
0.224 - fit = | Unitarity
L‘ Vus
C
=}
0.222 g
Vud g <
] I ] 1 1 1 I 1 ] I
0.965 0.97

IV, 1 = 0.2233(6)
v, AV, | =0.2314(8)

Fit results, no constraint

With scale factor § = 2.2
V,.,=0.97418(46)

Matthew Moulson & Emilie Passemar

V. =0.2240(10)
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5. Conclusion and outlook




5.1 Preliminary conclusions

Experimental results With V.= 2+1+1 lattice inputs

Good agreement with unitarity for K,

Previous excellent consistency for K,; no longer observed

« Change occurred after 2014-era more precise evaluations of £.(0)
* Experimental results for K, ; have changed little since 2010

Are residual systematics in the data and/or calculations becoming
important as stated uncertainties shrink?

« Evaluation of |V | 7.(0) from K, data set based on some creaky BR fits,
but errors are scaled and consistency between modes is good (K, K, K*)

 Lots of redundancy in K,; data set. Adding or eliminating individual
measurements doesn’t change |V, | f.(0) much.

Matthew Moulson & Emilie Passemar 63



5.2 Prospects for new measurements

NA48/2

e

ISTRA+

>
oA

Can measure BRs and form-factor parameters for K*
NA48/2 (2003-2004) recently measured K, form factors
NA62-RK (2007) has O(10M) K,, decays
NAG2 has O(few M) K, from minimum bias runs (2015-16)
Relative to NA48/2, NA62 has
« Better particle identification z/u

 Better systematics for ¢ reconstruction:
— full beam tracking, better o, in spectrometer

Fixed target experiment at U-70 (Protvino), like ISTRA+
* New beamline with RF-separated K™ beam
Can measure BRs and form-factor parameters
» Need more analysis of systematics for K,; form factors
Runs from 2010-2013: ~17M K*; events
« Additional runs in 2016-2018; more planned in future
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5.2 Prospects for new measurements

KLOE

LHCDb

2

Can measure all observables: BRs, s, FFs: K*, K,, K

5.5 fb~1 of data from KLOE-2 running (2015-2018)
- +2 fb~1 of original KLOE data not yet analyzed for V'

Measurements that can be improved with KLOE-2 statistics:

* K, BRs (K — mev, but also K¢ — muv)
See e.g. KLOE-2 measurement of 4; 1806.08654
70k K — mev decays

« K*, K, form factors (particularly K,;), K, mean life?

Proven capability to measure K decays to muons
« 103 K/fb~1 produced
« EPJC 77 (2017): BR(K{ — i) < 1.0 x 107 95%CL
Limited by hardware trigger efficiency (eyq ~ 1%)

Can LHCb measure BR(K; — muv) to < 1% in Run 117
« Would require dedicated software HLT line

K¢ — muv never yet measured — a new channel for V
* 7, known to 0.04% (vs 0.41% for z,, 0.12% for z,)

Matthew Moulson & Emilie Passemar
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5.2 Prospects for new measurements

KEK-246 Primary focus is BR(K /K ,) t0 0.25%
+ Invisible heavy neutrino searches
4L + T violation in K, (as E06)

TREK E36 Upgraded KEK-246 setup, moved to J-PARC
- Stopped K* in active target

 Toroidal spectrometer surrounding target

* ¢/u particle ID by time of flight, Cerenkov counters,
lead-glass calorimetry

KEK-246 measured BR(K ;/K,;) and K ; FF, so TREK
could potentially measure at least some BRs and FFs
of interest for V'
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5.3 Progress on V,  from kaons: Final notes

* K,; FFs do not directly contribute significantly to uncertainty on V'

* However, uncertainties on high-statistics BR ratio measurements may
be so low that FFs become a major systematic

— e.g. BR(K 3/zn°), BR(K 3/K,;3)
* Uncertainties from parameterization of Kz phase shift data now limit
precision for K,; FFs and phase space integrals
» Better parameterization will require old data to be re-fit!

» Imperative for future averages that experiments publish full FF data so
that it can be re-fit as parameterizations improve

 Direct lattice calculation of K,; FFs may help

* For K*, normalization BRs have significant uncertainties

« Effect of any precise new BR(K ;/zz") results will limited by
uncertainty on BR(zz°)

» Very important to measure absolute BRs or ratios involving BRs of
other modes, e.q. #z’/uv, nrr/nx®, wrm/uv
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5.4 Summary and conclusions

Experimental results from kaons With |V, |(0°>07) and N, = 2+1+1 lattice

20 inconsistency between K,; and K, results for V
- K, result shows good agreement with unitarity and Vud

* K,, result 26 smaller than expected from unitarity and Vud
— Change occurred after 2014-era more precise evaluations of £,(0)
— Experimental result for |V, | £.(0) has changed little since 2010

Continuing to see impressive progress on the lattice
 Not only £.(0) and f;./f,. but also full --dependence of FFs, EM corrections, etc.

Good prospects for new round of measurements to reduce uncertainty
on |V, | f.(0) from current 0.18% to ~0.12% within next few years:

NA62, OKA, KLOE-2, LHCb, TREK...
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6. Back-up




New Radiative Corrections for free neutron

n

. 1% - e -
:> q ¥ wt v f q C]\ /_fj;,:q
p %ﬂ - %

Gorchtein@CIPANP’18

: Q > dQ*M¢: > v+ 2
D";Y?/(O) — g W2 / dv ( il q>2F3(O)(V7 Q2)
™M /g MW"‘Q 0 V(”"‘Q)
Marciano & Sirlin’06 o o
OV = —lcs + cim + o]
DIS Cpis DIS 2T
1.84(0)
Q? = (1.5GeV)?
Cint Born
Interpolation " R
0.14(14) . +§.SG Regge
Q3 = (0.823 GeV)2
Cs

Born 0.83(8)

Matthew Moulson & Emilie Passemar

2 2
my  (my+m,)

W?=(p+q)’
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New Radiative Corrections for free neutron

e z - ¢ -
:> C]\ wt tq g\ /ffi':[
p % %
n p
W M J, M3Z + Q2 ), v(v+ q)?

Gorshtein@CIPANP’18

n

F2 (v, Q%)

. C e, A a a
Marciano & Sirlin’06 DEY/ — %[CB + Cint + CD15] = %[0.83(8) +0.14(14) + 1.84(0)]
Qo _
0% = %2.79(17) = 3.24(20) x 1073
New evaluation: Seng, Gorchtein, Patel & Ramsey-Musolf arXiv:1807.10197

Vi = %[CB + Cpin + Ches + CRegge + CDIS] = %[0.91(5) +0.044(5) + 0.01(1) + 0.238(14) + 1.84(0)]

O = %3.03(5) =3.51(6) x 107°| =) V.4 from free n: ~1c smaller
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2.6 K, data and lepton universality

« For each state of kaon charge, evaluate:

. o (R,ue)obs o F,u.3 . IeS (1 + 563) L H‘/US‘ f+ (0)];2[3 obs g_,LZL
He (R,ue)SM FeB I,u.3 (1 + 5;1.3) H‘/zw' f—{—(o)]ig obs 95

Modes 2004 BRs"T Current®

K, 1.054(14)  1.003(5)
K* 1.014(12) [110:999(9) " < /= 009
Avg 1.030(9) 1.002(5)

*Assuming current values for form-factor parameters and AEM K. not included
g S

« Compare to other precise tests:

z— by (r,.) =1.0020(19)
PDG ’16 with PIENU ’15 result

T — byy (r,.) = 1.0038(28)
HFLAV May ’17 web update
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Comparison: K, fit result vs. input data

3 13
2 |- — 2
- f, -
1 £ < 1
N &
e R
SR ke
0 0
-1 -1
= — -2
a 6 inputs not shown _
-3 = — =3

VLSS IRIIER{JE KTeV KLOE NA48 K. fit Vosburgh 72
73



Updated fit to K= rate data

17 input measurements:
3 old 7 values in PDG
KLOE ~
KLOE BR uv, nn’

KLOE BR K,;, K5
with dependence on ¢

NA48/2 BR K ;/nn’, K ;/nn’
BR K, /KDal
3 old BR #x/uv
KEK-246 K /K,
KLOE BR znn, na’n’
(Bisi '65 BR zx7’/mnr removed)

1 constraint: X BR =1

Much more selective than PDG fit
PDG ’16: 35 inputs, 8 parameters

Parameter Value S

BR(uv) 63.58(11)% 1.1
BR(zx") 20.64(7)% 1.1
BR(z7r) 5.56(4)% 1.0
BR(X ;) 5.088(27)% 1.2
BR(K ﬂ3) 3.366(30)% 1.9
BR(7zn'7") 1.764(25)% 1.0
T, 12.384(15) ns 1.2

x*ndf = 25.5/11 (Prob = 0.78%)

compare PDG '16: 53/28 (0.26%)

With ISTRA+ 14 BR(K " ,;/7 =")

* BR(K ;) = 5.083(27)%

* Negligible changes in other
parameters, fit quality



Comparison: K* fit result vs. input data

2 body Ke3 Ku3 RY/4 T,

Measurement pulls for gi{Ne]= NA48/2 ISTRA+ others



‘Vus‘(Kﬁ) and ‘Vud‘(OJr g O+): 2010

Moulson@CKM2014

£.(0) = 0.959(5)

V| £,(0) = 0.2163(5)

Hardy & Towner '10
V.4 = 0.97425(22)

Survey of 150 measurements of 13
different 0" - 0" § decays

27 new ft measurements including
Penning-trap measurements for Qg
Some old measurements dropped
Improved EW radiative corrections
[Marciano & Sirlin 06]

New SU(2)-breaking corrections
[Towner & Hardy ’08]

>

ft[s]

Fz [s]

IV, | = 0.2254(13)

3090

3080

3070

3060

3050

3040+

3030

3090
3080

3070

|

(]

H

iliifii

3060
0

1OC 22M 9
1 40 26A|m 34Ar

s l

38Km 46V

34Cl1 s¢c  %Co

50Mn 62Ga 74

10

u

Ackem =V, +V,2—1 =+0.0000(8)
Exact compatibility with unitarity

Emilie I’assemar
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V,J(Kp) and |V,,/(0" = 0): Update

M. Moulson@CKM’16

Hardy, CKM °16 preliminary V., VS analysis year
|1V, = 0.97420(21) Courtesy of J. Hardy
* 24 new measurements 0.975| | |
« Critical review of IB correction I ;
schemes as per PRC 82 (2010) 0.974; ¢ } } '
* Rejection of results with IB corrections
. . . : 0.973}
giving results in conflict with CVC . . |
1990 2000 2010
1OC 22Mg 3BCa 46V (b)

10 ®MAIPCI®™K °Mn %2Ga ™Rb |
34p . 42 54

3090 } Ar*Sc  **Co

Hardy & Towner’15

3070: {} L frl*}f{ { 0

3060

Zt(s)

0 10 20 30 40
Z of daughter
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1.2 PathstoV_,and V__

 From kaon, pion, baryon and nuclear decays

0+— 0* —
Vg Tt > Moev, n—>pev, | T—ly
Vis K—>Tly, | A>pev, | K Iy

Emilie Passemar
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1.2 PathstoV_;and V__

 From kaon, pion, baryon and nuclear decays

7~ ™S\

0+— 0* . Ui Y e, M
Vug TEi—>TC°eVe 1 =>PeV. T & ’
. W
Vs K—> TC|V| N — pev, K- lv, 5 v
\ ] |

N -

« These are the golden modes to extract V 4 and V

> Only the vector current contributes (A(p4)|q'7,.¢"| B(pg))
» Normalization known in SU(2) [SU(3)] symmetry limit

> Corrections start at 2" order in SU(2) [SU(3)] breaking
Ademollo & Gato, Berhands & Sirlin
* Currently the most precise determination of V yand V
=) V4(0.02 %) and V(0.5 %)

Emilie Passemar 11



1.2 PathstoV and V__

 From kaon, pion, baryon and nuclear decays

0t— 0" _
VUd Tcienoe\,e n % peVe TC % IV|
Ve K—>Tlv, || A—>pev.|| K- v

 Both Vand A currents contribute: need experimental input on <A>
(e.g. B-asymmetry)

 Free of nuclear structure uncertainties

* Probe different combinations of BSM operators

Emilie Passemar
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1.2 Pathsto V and V__

 From kaon, pion, baryon and nuclear decays

u.
0*—0* — | € ¥
V n g Vi g
| mto>moey,| " TPV || =M L
. W
Ve K—> TC'V, N — peyv, K — v, 5 v
]
© Kp/m,

» Only the axial current contributes

» Need to know the decay constants F, F
=) Lattice QCD

T

> Probe different BSM operators than from the vector case

* InputonF./F, =) V, /V,, very precisely

Emilie Passemar 13



1.2 PathstoV_ ;and V__

« From kaon, pion, baryon and nuclear decays

y 0*— 0* —
“ It mey, | 1 PV | T X
— d;
Ve K—>Tlv, | A>pev, | K= v
T g
 From t decays (crossed channel) + test of LU
A%
" T—>TNV, T — TV, | T = hygV,
hgV
Vie | T—>Kmv, T>Kv, | @ sV
(inclusive)

Emilie Passemar
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PathstoV and V _

 From t decays (crossed channel)

Vig T—>TTNV, T — TV, ||T = hysV,
h

Ve | T>Kmv, T Ky, |© "V

(inclusive)

« Use OPE to calculate inclusive BRs

 |nformation from exclusive modes too

-

Emilie Passemar



Extraction of Vud

- See also V 4 extraction from neutron decay
Mendenhall et al.’13

-1.290 ] ] ] l
L ~N
-1.285 = T ) =
A
o
-1.280 = B
>
D 19275
~—
®)
-1.270 — —
%
NG
21,265 = O@ Z -
o
<
-1.260 T 1 g 1

0.966 0.970 0.974 0.978 0.982

Vud

Emilie Passemar



Extraction of V_,

Mean life:
T=880.2+10s
%%IN = 3.7

Beam: 888.1+20s
Bottle: 879.6 £+ 0.7 s

B asymmetry:

) = -1.2725 + 0.0020
Y2IN = 4.1

<o}
o
o

Mean life
(o]
(o+]
o

-1.28

-1.27

A =galgy

-1.26

Vg = 0.9757 + 0.0014]

Beam-bottle span

0.9701 <V, <0.9767

Emilie Passemar

. .
Beam ¢

Bottle §

¢ 3

¥
1 1 1 1 1

i
g

1990 1995 2000 2005 2010 2015

Date of measurement

1990 1995 2000 2005 2010 2015

Date of measurement

nuclear 0*» 0%
V,, =0.9742 +

0.0002
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4. Implication of Cabibbo universality tests for
new physics




4.1 Looking for New Physics using A -,

Ak @ constraining quantity:

ACKM =1- (|Vud|2 +|V

2
us

- )
1 — |L'uD| ' 1 . [CTF ] — 14+ AC'I'\[
- s 7 e ACKM
L= Ibl‘-f\' Lo BRexotic [(;gl)]z
- i J
Heavy fermion Exotic .Gaugel.
mixing muon decays Hniversaity
) . 4 violations
|VuD| < 0.03 ( A
BR . < 0.001 Constraints on TeV
U,x| <0.03 95% C.L scale SM extensions
. ) L.
95% C.L. - g

Emilie Passemar

Stronger than direct limits

BR(u" — e*ier,) < 0.012
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4.1 Looking for New Physics using A -y,

« Effective Theory approach:

* Acky @ constraining quantity:

|I/vud|2 +|I/us : -I-|I/vub|2 = 1+ACI(ZW

Emilie Passemar



4.1 Looking for New Physics using A

E from: SJ, talk at
NI J'? | . & NA62 Handbook workshop
% - { SE _E £ j 2009
IR
Operator 8 E g Q Q E o) <Cl) <~ | & in MSSM?
oy | (Dpy*Si)(LivuLr) Vivivie|-|-|-|-1| - v
O | (Dpy*oiSL)(Liy,o'Ly) VIvI|vi bhs|hs|v |v|—]| - v
Oge (DS (Lry,ulr) —| = |V |hs| = —=]1—-|-] - small
Oua (dry*sr)(Lrv,L1) VIV Vv ihs|—-|—-]—-|—-]| - small
Oeqd (dry"sR) (_R%l R) — | = |V |lhs| -] —-1=-]-| = small
o}, (@rSy) - (IrLy) — ===V viv]|-]| - tiny
(Oltq)T (trouwSL) - (Iro* Ly) — | = === ?217|—-| - tiny
O yde (drSr)(LLlR) — =V IVvI]=]-=-1-|-1 - tiny
Ol (Dpsg)(IgLy) — |V v v v]v]-] - large tan 3
O | (Dry"Sp)(H'D,H) Vivivib| -] -|-|v|W) v
0% | (Dpy"o'Sp)(H'D,o' H) VIiv|vibs|bhs| v Iv]v | v
O (dry*sg)(HTD, H) VIV |Vvi|hs| =] —=]—-|Vv | (V) |large tang (non-MFV)
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4.1 Looking for New Physics using A -,

: . _ Cirigliano, Gonzalez-Alonso &
* Aqkv is sensitive to 4 fermion operators: Jenkins’09

2) What is the strength of Ackm constraint? Same level or better than
Z-pole observables (effective scale A > || TeV @ 90% CL)

4 L T T T T T T T T \ 4 T
n; 2F E I T
b 1
X 0 ¥ = [ I )
= 1
L I { [
- 1 : 1 1 1 1 1 1 1
2 T b Ll L] T T T T l L] T T L] T
o 2 ;
5 7§ {
x of i m T~ H(3)
=3 ' () [
< -2F ' y q
) '2 _i 1 - 1 1 1 1 1 1 1 1 1 1 L 1
A U U T T T T T ' T Dramatic improvement
OX= 739 oo | i . { over LEP2 and APV
Fe Y e [ E
- X 0o m ;| =T I T T { o
8= : Deviations as large as
S - i
' | Ackm ~0.01 could be
e e e e e e — blamed on this
_ ; | operator
ne :
X 0 = o )
ez
T 2
-4 L i 1 1 1 1 1 T 1 1 1 1 1
tot ¢KM| MW  Zline bc QFB  pol DIS QW hadLEPmuLEP tauLEP eOPAL WL3

Emilie Passemar \_/ 65



4.2 Looking for New Physics with K, and K,

« Callan-Treiman theorem: Bernard, Oertel, E.P.,, Stern’06, ‘08

L F VuS
C=f,A)= i +Aq = K‘ ud : us “ r+Ac
F_f.(0) F |[V“| £,V
=) |B,, =1.2446(41)

Very precisely known
from Br(Ki2/xl2), [(Ke3) and |V |

* In the Standard Model : |p=1 (ln C,, = 0.2141(73)) Aer=(-3.5£8).107

NLO value + large
error bars in

 In presence of new physics, new couplings : |F # 1

: agreement with
Experiment Kes Ky InC Bijnens&Ghorbani’07
NA48°07 (K ,; alone) 0.144(14) Kastner & Neufeld’08

KLOE’ 08 0.204(25)

KTeV’'10 0.192(12)

NA48 (preliminary) ?
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4.3 Constraints on 2HDM

Jung, Pich, Tuzon’10

« Ex: Constraints on the aligned 2-Higgs-doublet model:

Pich@HQL12
u 4
V2 +17 T +
Ly = —7 H"<u [gd VCKM MyPr — <, /\/lu VCKMPL] d __I!__
+ ¢ (D M, Pr /)} + h.c.
s,d v
Update: Courtesy of M. Jung
0.15 e — .
i M—-lv+B—Dtv+ | b I
i Z—bb+t—uv “l‘
01 - : >
l A > .
i M—lv+B—Dtv (U] 005
0.05 |- - ~ [
‘g : —
"ol Bow | = NEI 000l
u |- 7 L
E i ] ~
_-0.05 :— i ;WT |
‘3 -005|
.01 = — S—
; fitt g
015 0.0 ] T 0.2 ~0 10 -0.05 0.00 0.05 0.10
Re(( 0/
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4.3 Constraints on charged Higgs

tan 3

Emilie Passemar

80

60

40

20

Antonelli et al.’10

Excluded by R
B 95% CL
B 67.28% CL

u23

200

400
m,, (GeV)
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4.4 Universality and SUSY

« MSSM: box and vertex corrections induce non-universal corrections to the
V-A CC operators

« S,P,T operators suppressed by insertions of Yukawa couplings

+
Xk
U > T > T > Ur \U ' vy
| | ‘.‘«’-{- z-'_ p
o o B
& LI Wt
i | l
| I . L
d —— 0 TR Xj TN g
\ m

Barbieri et al ‘85, Hagiwara-Matsumoto-Yamada 95
Ramsey-Musolf Kurylov 01
Bauman, Erler, Ramsey-Musolf ‘12
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4.4 Universality and SUSY

0.002 . — :
Light selectrons, i‘ Light squarks,
heavy squarks & « heavy sleptons
0.001 r smuons -
P .\ @ o
5 0 - S :
< . )
e,
'\..
0.001 . v
Light smuons, / ‘
heavy squarks &
selectrons .
‘0002 1 L 1
-0.002 -0.001 0 0.001
Ae/p

Bauman, Erler, Ramsey-Musolf ‘12

Before EW + LHC
constraints

[C;F]« /[C;F]// =1 + Ae’-/;l

Vaa|* + Vs> + MQ =1+ Ackm

0.002

* Interesting correlation between Cabibbo universality and lepton universality:
information on sfermion spectrum

« Essentially squark-slepton and selectron-smuon universality

Emilie Passemar
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4.4 Universality and SUSY

Bauman, Erler, Ramsey-Musolf ‘12

0.002 T ~ .
y Before EW + LHC
Light selectrons, ° h ight s?uarks. constraints
heavy squarks & . eavy sleptons
0.001 | smuons |
% e
& O ) .'\?' . l Current (future?)
D E— [-sigma
0.001 N
Light smuons, / T
h ks & Future
eavy squar .
|-sigma
selectrons //
-0.002 : : :
-0.002 -0.001 0 0.001 0.002
Aey

« Interesting correlation between Cabibbo universality and lepton universality:
information on sfermion spectrum

« Essentially squark-slepton and selectron-smuon universality

Emilie Passemar
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4.4 Unlversahty and SUSY Bauman, Erler, Ramsey-Musolf ‘12

0.001
| ght squarks, After EYV + LHC
tlght selec vy sleptons, constraints
eavy squar GONE!
0.0005 + smuons
5 0t e Current (future?)
& D — |-sigma
-0.0005 b
Future
- I-sigma
-0.001
-0.001 -0.0005 0 0.0005 0.001

Bery
 Effects in the MSSM are small.

* Probing MSSM parameter space requires improved precision
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