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Introduction

« Standard Model describes strong, weak and electromagnetic
interactions through exchange of gauge bosons.

« Cabibbo-Kobayashi-Maskawa matrix (CKM) contains the
coupling between quarks and W boson.
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* Any deviation from unitarity would indicate the existence of new
physics —» compute every element with precision



Introduction

» Constraints on the scale of new physics.
« Study of the first row of the matrix and |V,

. Determination of |Vas! using semileptonic decays: one-loop
corrections in ChPT to reduce error.



Methods to obtain V.

« Extraction of |V, | using semileptonic kaon decays.

» Extraction of |V/,.| using leptonic kaon decays.

« Extraction of |V, .| using hadronic tau decays.

All of these methods need an experimental input and a
theoretical input that describes the non-perturbative physics
(hadronization) that describes the process.



Methods to obtain V,,.

Extraction of ‘Vus‘ using semileptonic kaon decays.

K —my  pog s ntn) o Vi B (0)

Experimental \
Form factor is defined as

(m(K")| 37*u|K(K)) = (p+ )" f+(¢°) + (p — P)*f-(¢?) donde g=p—p
using the average of FLAG (hep-lat 1310.8555)
f+(0) =0.9634(32) for Ny =2+ 1 we obtain

|Vus| — 02247(7) > 0.31%

lattice

the theoretical error dominates the calculation of f4(0)



Methods to obtain V,,.

Extraction of |V, | using leptonic kaon decays.
K—ltvyrm—lv

MK — lv) 2 f2
C(m — ) > Vid| 2 (Marciano 2005)
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experimental

Where fi and f, are the decay constants of kaon and
pion.

FLAG average is frx/f- = 1.192(5) so, we obtain

us | _ 0.2316(12) using |V,q4| =0.97417(21)
(nucl-ex 1411.5987)

V.
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lattice
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wd

V,s| =0.2256(11) =  0.48%

the theoretical error dominates the calculation of fx/f-




Methods to obtain V,,.

Extraction of |V, | using hadronic tau decays.

Experimentally one can distinguish between a hadron decays
states with and without strangeness
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we can obtain |V,,.| from the subtraction dr; i Wl
ud us
this quantity vanishes in the SU(3) limit theirical

we obtain

Vsl =0.2173(22) — »  1.01%

In this case the error is dominated by the
experimental error.



Test of the SM: unitarity of CKM

matrix
Study of the unitarity of the CKM matrix

Val® = Vaal” + [Vas|* + [Via|* = 1

[Vip| = 4.15(49) x 1072 s negligible
[Vudl = 0.97417(21) nuclear beta decay
(nucl-exp 1411.5987)

we study the unitarity with the values of |1/, .| obtained by
leptonic and semileptonic kaon decays.



Tests of the SM: Lattice QCD

Tool that can calculate the theoretical inputs more precisely.
Discretization QCD on a spacetime lattice
( a lattice spacing)

Statistical and systematic errors (discretization, extrapolation
physical masses, FV ....)

Calculations are performed by using:

Ny=2+1 » They have included the effects of vacuum
polarization from quarks up, down and strange. Quarks up and
down are degenerate.

Ny=2+1+1  + They have included the effects from
quark charm



Tests of the SM: Lattice QCD

» With lattice QCD simulation we can obtain £, (0) and fx/f=
for different values of @ and the quarks masses .

 Extrapolation to continuous limit, @ — 0

« Extrapolation to physical masses of the quarks up and down.



Tests of the SM: theoretical inputs

We use the results compiled and averaged by FLAG
(Flavour Lattice Averaging Group) (hep-lat 1310.8555)

Colaboracion Ny a partir de Vsl

HPQCD 13A 24141 fre/fae  0.2255(5)(3)
MILC 13A 24141 fre/for  0.2249(6)(7)
RBC/UKQCD 13 211 £.(0) 0.2237(7)(7)
MILC 12 21 £.(0) 0.2238(7)(8)
MILC 10 201 fre/fre 0.2249(5)(9)

RBC/UKQCD 10A 241 fre/fre  0.2246(22)(25)

BMW 10 201 fre/fre 0.2259(13)(12)
HPQUD/UKQCD 07 241 fre/fre  0.2264(5)(13)
f+(0) fres/ fr Vs | Vi

Ny=2+1+1 09611(47) 1.194(5) 0.2251(10) 0.97434(22)
Ny=2+1  09634(32) 1.197(4) 0.2247(7) 0.97447(18)




Tests of the SM: Results

With experimental averages (hep-ph 1005.2323)
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For Ny=2+1

0.230F

0.228f

Vo |? = 0.9993(5) usando f.(0)

__________ Vo|? = 1.0000(6) usando frx/fx

average value

ice results for fi./f ., Ny =2+1+1
[ lattice results for f_(0), N, =2+1
BN iattice results for fi./f., Ny=2+1

— lattice results for /. (0), N, =2 | | V’U, | - —_— O ’ 987 ( 10)

B iattice results for fi- /f., N, =2
[ lattice results for Ny=2+1 combined

1 lattice results for Ny =2, combined
unitarity For !V e 2 _I_ 1 _I_ 1
nuclear 3 decay ] f

0.96 097 0098 0.99 1.00 1.0

Va|? = 0.9998(7) usando fr+/frs



Semileptonics decays: new results

FNALMILC Ny =2 +1 +1
£.(0) = 0.9704(24)(23) = 0.9704(32)

Statistical / \

We can reduce the error:

systematic

» Statistical: increasing the number of simulations, decrease the
value a , considering more quark masses and more different
values of a .

« Systematic: dominated by finite volume simulations, in the real
world the volume is infinity. We need compute the finite volume
correction using ChPT.

These corrections are important to reduce the theoretical
(~0.34%), to be equal to experimental error (~0.2%).



Chiral perturbation theory (ChPT)

It is the efective field theory of QCD at very low energies
E < AQCD ~ 1GeV

Concept of effective theory.

Chiral symmetry of QCD.

Relevant degrees of freedom: meson.

Lagrangian and quantities compute with ChPT are organized in
increasing powers of momentum.

We can include analytically discretization and finite volume

corrections.
2 loops in ChPT

f+(0) =1+ fa(a) + fala=0)+ (mi — mi)z [Cﬁ - CQIIQ}

We have to compute the contrinutions to fa(a) using ChPT .



Chiral perturbation theory (ChPT)

At lowest order, the most general effective Lagrangian
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Finite volume correction twisted
boundary condition

U(x, + L) = ep(xy,); k=1,2,3 L Lattice length

for these boundary conditions we have the dispersion relation

E? = m?* + (pr + AG/L)°

where A@ is the difference between the twisting angles of the two
valence quarks. Changing the angles we can achieve arbitrary
momentum and then fit the external momentum to q2 —

These boundary conditions are based on replacing the infinite
volume integral by a sum over the 3 spacial momentum and a
integral over the remaining dimension
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Finite volume correction twisted
boundary condition
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Finite volume correction twisted
boundary condition

The form factors are different for finite volume.

For infinite volume;

(7= (@)| V,.” |[K°(p)) = f+(a*)(pu + p,) + f-(¢°) (pp — P),)

Vil=tys g=p-p
and for finite volume;

(m= ()| V22 |E*®)) = £1V (@) s + 8,) + 2V () pu — 1) + 1

new contribution 7x and f+ and f— take the values /1 '

and 7 respectively.



Computation of the form factor
using ChPT to one loop

We study the decay KV s 1t/—p using ChPT to one loop
with infinite volume.

With  A(m?) =

—2 L = L B -
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—=%in(m?)  the convergent part of the integral.



Computation of the form factor using
ChPT to one loop

We can obtain

Fud) = 75 |Almas) + 5 A(me0) + Almg) + 3 Almics) + Ay
fo () = %{—-A(mﬁ)— %A(mﬁo)—b—%ﬁ(mﬁ-n)-I—lﬁ(mn)]

for finite volume

1 ; 4 ;
Fl (¢°) = [ |:f1l (M) + 4‘ (myo) +AY (myo) + iﬂ (my+) + A (-m.”)]

o 1 | | I v 1 v
V(%) = - [—gfll (Mgt ) — 5141 (Mmgo) + EA" (mgo) + EA" (-m-”)]



Computation of the form factor using
ChPT to one loop

Considering the derivatives on the external

lines
k—q J 3
T ﬁ"_ By
2 2 2
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Computation of the form factor using
ChPT to one loop

For finite volume
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Computation of the form factor using
ChPT to one loop

k=4 | 7 Considering the derivatives on
the internal lines
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| atest results
(nucl-exp 1411.5987)

............................................. rmmr————— - Jsing | Vua| = 0. 97417(21)

HaH media FLAG 2+1 Ni_:2.+1 ‘%
medd FLAG2¢141 N=2+1+41 and neglecting [Val = 107
Unitariedad We Obtaln

HPQCD N=2+1+1 1 /T

ETMC Vius| >+ | Vaa|” = 1. 0005(13)

—— desint tau inclusive

- FNAL/MILC 2013 N=2+1+1 £,(0)

HPQCD  |V..[*+|V.al* = 0.9999(4)

H— ETMC Nf:2+1+1 fk/fm

R RBC/UKQCD  [Vius|” + [Vial* = 0.9989(5)

LI
0.2200 0.2250 0.2300

V! FNAL/MILC [Vasl” + [Via|* = 0.9987(5)

The leptonic results are agree with unitarity. There are tensions
between semileptonic results and unitarity, and between leptonic and
semileptonic results.



Conclusion

 We have analyzed different methods for compute |V.s| . Best

results are provided by leptonic and semileptonic decay
methods.

e Check the unitarity of the CKM matrix
FNAL/MILC

|Vus| = 0.22290(90) Tension with unitarity~ 2. 8¢

 Finite volume correction are need to reduce the error at the
semileptonic method and reject (confirm) tension with unitarity.
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