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Vus from kaon decays in theory

outline of the talk

% leptonic Ky and ©typ decays: Vs / Vua from lattice determinations of fx / f
s semileptonic K3 decays: Vs from lattice determinations of fi(q%=0)

s test of the unitarity of the first-row of the CKM matrix using lattice inputs at the permille level

novelties

** new powerful strategy to calculate weak decay rates on the lattice including QED

====> feasibility demonstrated in the case of the leptonic K> and n,; decays

% lattice calculations of the full momentum dependence of the semileptonic form factors




from experiments

[see also Moulson’s talk in WG1 ]

extraction of Vs / Vua from leptonic K2 and &, decays

2

+ 2 2 m +

[(PS* = *v \ Vil mi| 1= | M, Sy (14675 )
PS*

* S, = universal short-distance EW correction (=1.0232)

* EM corrections, 0 ZSJ , estimated through ChPT with LECs parameterizing structure-dependent hadronic contributions

* relevant hadronic quantity:  f, ps+ Including strong SU(2) breaking (mu #m d)

ChPT with LECS motivated by large-Nc methods:

55‘; o gM —0.0069 (17) [see, e.g., Cirigliano and Neufeld ’11]

l“(K+ o K*vz)
F(n* — f*vg)

K. —-02760(4) [0.14 %] [ Moulson '14]  adopted by PDG '16 & FLAG '16

Vis
=
Vid




extraction of Vs from semileptonic K3 decays

G.:M>.,
(& - atev)=SMer o2
1927° X

0_— 2 +,0 +,0
Vus f+K " (O)‘ I§<O,€) SEW (1+6§M €+55{(U(2n))

*C (0 = Clebsh-Gordan coefficient (C o = 1/ \/5 ,C o= 1) , S, = short-distance EW correction
T 202 = phase-space integral sensitive to the momentum dependence of vector (and scalar) form factor

* EM corrections, 0 fA; , and strong SU(2) breaking, o ff(z), both estimated through ChPT

* relevant hadronic quantity: vector form factor at zero 4-momentum transfer f, (0)= f*"* (cf = O)

+

Mode 5K (%) b} s{(ljg) =0 .
"o [see FlaviaNet *10]
K", 0.495 +0.110 550 =(291£04)%
[Cirigliano et al. *08] K; 0.050 +0.125
Kﬂ 3 0.7004+0.110 large local corrections (up to 10%) for Dalitz plots
K 0.008 £ 0.125

momentum dependence needed for evaluating EM corrections

nice consistency between the two channels:

|4

us

T(K™—>7r"ty,) = 7.(0)=02165(4) [0.18 %]  [Mouson'14] adopted by FLAG 16

extraction of Vs from semi-inclusive t decays see Maltman’s and Banerjeei’s talks in WGl




Flavor Lattice Averaging Group 374 review [arXiv:1607.00299]
FLAG Working Group

S. Aoki,' Y. Aoki,23* D. Be¢irevié,* C. Bernard,® T. Blum,%? G. Colangelo,” M. Della Morte,®
P. Dimopoulos,? S. Diirr,'® H. Fukaya,'* M. Golterman,'? Steven Gottlieb,'3 S. Hashimoto,!4:13
U. M. Heller,'® R. Horsley,!” A. Jiittner,'® T. Kaneko,'*!> L. Lellouch,'® H. Leutwyler,”
C.-J. D. Lin,2%' V. Lubicz,?"?? E. Lunghi,'® R. Mawhinney,?®> T. Onogi,!! C. Pena,?*
C. T. Sachrajda,'® S. R. Sharpe,?® S. Simula,?? R. Sommer,2® A. Vladikas,?” U. Wenger,” H. Wittig?®

colour coding FLAG 15t (2011)

FLAG 2nd (2014)
e Chiral extrapolation:

K Mrmin < 200 MeV

O 200 MeV < My min < 400 MeV

FLAG 3rd updated at Oct 30th, 2016
m 400 MeV < My min

http://itpwiki.unibe.ch/flag/index.php

e Continuum extrapolation:
J at least 3 lattice spacings and at least 2 points below 0.1 fm and a range of lattice
spacings satisfying [amax/@min]? > 2

O at least 2 lattice spacings and at least 1 point below 0.1 fm and a range of lattice
spacings satisfying [amax/@min]? > 1.4
®m  otherwise

e [inite-volume effects:

* []\Lr,min/Mﬁ,ﬁd]2 exp{4 — My min[L(M7z min)|max} < 1, or at least 3 volumes M =200 MeV
o) [Mmmm/Mmcid]2 exp{3 — My min[L(Mz min)|max} < 1, or at least 2 volumes 7.fid
® otherwise

e Publication status:

A published or plain update of published results only results with A and no red tags
P preprint

enter the FLAG averages
C conference contribution
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¢ & & &
s F 5 &
5 3 & @
S 5 5 \og
g g o§ 8
S
g &£ F ¥
Collaboration Ref. Ny Q\\f ¥ & & fx/fr frx/frat
ETM 14E [27] 2+1+1 A 1.188(11)(11) 1.184(12)(11)
FNAL/MILC 14A [14] 24141 A 1.1956(10)(*3%)
ETM 13F [230) 2+1+1 C 1.193(13)(10) 1.183(14)(10)
HPQCD 13A [26] 2+1+1 A 1.1948(15)(18)  1.1916(15)(16)
MILC 13A [231] 2+1+1 A 1.1947(26)(37)
MILC 11 [232] 2+1+1 C 1.1872(42)1 ..
ETM 10E [233] 24141 C 1.224(13)stat
BMW 16ulb (234, 235] 241 P 1.182(10)(26)
RBC/UKQCD 14B [10] 241 A 1.1945(45)
RBC/UKQCD 12 [31] 241 A 1.199(12)(14)
Laiho 11 [44] 241 C 1.202(11)(9)(2)(5)T
MILC 10 [29] 2+1 C 1.197(2) (%)
JLQCD/TWQCD 10 [236] 2+1 C [ ] 1.230(19)
RBC/UKQCD 10A [144] 241 A 1.204(7)(25)
PACS-CS 09 94] 2+1 A B E 133372
BMW 10 [30] 241 A 1.192(7)(6)
JLQCD/TWQCD 09A [237] 241 C B B 1.210(12)sta
MILC 09A 6] 2+1 C 1.198(2)(*9)
MILC 09 [89] 2+1 A 1.197(3) (5
Aubin 08 [238] 2+1 C 1.191(16)(17)
PACS-CS 08, 08A 93, 239] 241 A B E 1.189(20)
RBC/UKQCD 08 [145] 241 A [ 1.205(18)(62)
HPQCD/UKQCD 07 (28]  2+1 A 1.189(2)(7)
NPLQCD 06 [240] 241 A B OB 1.218(2)(T5)
MILC 04 [107]  2+1 A 1.210(4)(13)
ETM 14D [160] 2 C [ ] 1.203(5)stat
ALPHA 13A [241] 2 C 1.1874(57)(30)
BGR 11 [242] 2 A B OB 1215(41)
ETM 10D [215] 2 C 1.190(8)stat
ETM 09 [32] 2 A 1.210(6)(15)(9)
QCDSF/UKQCD 07 [243] 2 C 1.21(3)

! Result with statistical error only from polynomial interpolation to the physical point.
T This work is the continuation of Aubin 08.

Table 14: Colour code for the data on the ratio of decay constants: fx/fr is the pure QCD
SU (2)-symmetric ratio, while fr+/fz+ is in pure QCD including the SU(2) isospin-breaking

correction.

..

+
T

= ;’; NETHS

three methods to include strong
SU(2)-breaking corrections

- extrapolation up to my or mq
- insertion of the scalar density
- estimate using ChPT

chper _ My —M, l_fK 1 .
SU(2) ms - mud fﬂ,’ 3277:2%2
M2
M,-M.-M 1ogM—§ +...
St =-0.0054 (14)  HPQCD
Sy =—0.0080 (4) RM123
8o =—0.0043(11)  C&N'II




FNAL/MILC 14A
ETM 13F

I I I
FLAG average for N,=2+1+1
— - ETM 14E
—
HPQCD 13A
H MILC 13A
MILC 11 (stat. err. only)

Ne=2+1+1

—] ETM 10E (stat err. onYy)

FLAG average for N,=2+1

L
1 BMW 16ulb
Ll RBC/UKQCD 14B

—
—
— RBC/UKQCD 12
[ Laiho 11
MILC 10
_ —_] — LQCD/TWQCD 10

1 : BC/UKQCD 10A
|—PAGS—GS—OQ—[}

BMW 1
+\I/_IQCD/TWQCD 09A (stat. err. only)

MILC 09

Aubin 08

PACS-CS 08, 08A
RBC/UKQCD 08
HPQCD/UKQCD 07
NPLQCD 06

MILC 04

- FLAG average for N;=2
H H ETM 14D (stat err. only)
cﬁl H—[II—H ALPHA 13A y
s s = : T %%D( tat. ly)
stat. err. on
Z : ETM 09 Y
QCDSF/UKQCD 07

Ne=241

+:'_[—| T
| O

N,

1.14 1.8 1.22 1.26
foo/f.=1193(3)  N,=2+1+1  HPQCD,ENAL/MILC, ETMC

foof/fo=1192(4)  N,=2+1 HPQCD/UKQCD, MILC, BMW, RBC/UKQCD
foof/f.=1205(18) N,=2 ETMC

precision at the level of ~0.25 -04%on f ., /f .bothfor N, =2+1and N, =2+1+1




f+(0)

S
S
¢ & § ¢ FerG2016 |
xS Q —
s Qév f o + HilH FLAG average for N,=2+1+1
§ $‘v § S — 0 ETM 16kpy
S G $ £ + - FNAL/MILC 13E
~i & 5 $ o~ HCH! FNAL/MILC 13C
. S 5 3 g
Collaboration Ref. Ny ) R S & f+(0) % FLAG average for N—z+ 1
JLQCD 16mha
ETM 16kpy 207] 2+1+1 A 0.9709(45)(9) N RBC/UKQCD 15A
FNAL/MILC 13E 22] 2+1+1 A 0.9704(24)(22) + RBC/UKQCD 13
FNAL/MILC 13C 208] 2+1+1 C 0.9704(24)(32) N FNAL/MILC 121
Il JLQCD 12
= JLQCD 11
JLQCD 16mha 209] 241 C u 0.9636(36)(*23) 1 RBC/UKQCD 10
RBC/UKQCD 15A 24] 2+1 A 0. 9685(34)(_1&2 RBC/UKQCD 07
RBC/UKQCD 13 210] 2+1 A 0.9670(20)(39) _
FNAL/MILC 121 23} 241 A 0. 9667(23) (3;?.133 —H——— FLAG average for Ny=2
JLQCD 12 211] 2+1 C [ ] 0.959(6)(5) N —{ ETM 10D (stat. err. only)
JLQCD 11 212 2+1 C ] 0.964(6) I —— ETM 09A
RBC/UKQCD 10 [213] 241 A u 0.9599(34)(*37)(14) ¢ H_[] %CDSO%W (stat. err. only)
RBC/UKQCD 07 [214] 2+1 A ] 0.9644(33)(34)(14) H [ JLQCD 05
O JLQCD 05
[}
ETM 10D [215] 2 C 0.9544(68)s1as O —— Kastner 08
ETM 09A [25] 2 A 0.9560(57)(62) = —— Cirigliano 05
QCDSF 07 [216] 2 C o n 0.9647(15) stat © e Jamin 04
RBC 06 [217] 2 A | | 0.968(9)(6) - —&— Bijnens 03
JLQCD 05 [218] 2 C o ] 0.967(6), 0.952(6) SL_. —e— . Leutwyler 84
c 094 096 0.98 1.00
Table 13: Colour code for the data on f4(0).
£.(0)=0.9706 (27) ;=2+1+1  FNAL/MILC, ETMC
£.(0)=0.9677 (27 ;=2+1 FNAL/MILC, RBC/UKQCD
£.(0)=0.9560 (84) ;=2 ETMC

precision at the level of ~0.3% on f, (0) both forN, =2+1and N, =2+1+1
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unitarity of the CKM first-row

FtrG2016
0.230

from K ,, decays:

0.225}

from K ,, decays:

lattice results for £, (0), Nr.=2+1+1
lattice results for fx=/fr=, N,=24+1+1
lattice results for £,(0), Nr=2+1 |

0.220

lattice results for fix=/fr=, N;=2+1
lattice results for £, (0), N;=2

lattice results for fi=/f=, Nr=2

lattice results for N)=2+1+1 combined
lattice results for N;=2+1 combined
lattice results for Ny=2, combined ] SM.
nuclear g decay

\#

0.215}

LOUWENC

0.96 097 0098 0.99 1.00 1.01 1.02
vud

- adopting N, =2 +1+1 lattice results: [V, =0980(9) =220

- using |V | =0.97417 (21) from superallowed nuclear 3 decays [H&T ’15]
VI|'=09988(6)  fromf,(0) ~20
V,|'=09998(5)  from f,./f. ~0.40

experimental results [Moulson ’14]

e _ 02760 4)

7T+

us

ud

4
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£.(0)=0.2165 (4)

k4
k4
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.
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l‘s
~ ub,
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* current precision has reached the level of few permille on both f . / f.andf, (0)

* improvements can be expected from the production of new gauge ensembles
- with better statistics
- closer to the physical point
- at finer lattice spacing
- at larger lattice volume

precision at the permille level (or even below) is foreseeable in the next future, but ...

* EM correction for K ,, decays: \/ 1+85, —6%, =0.9966(8) [ChPT]

uncertainty at the permille level (with some model-dependence)

ambitious goal: evaluation of weak decay rates on the lattice including QCD and QED

* recently QED has been included in lattice QCD simulations in the case of the hadron spectrum
RM123 13, BMW ’15, ...
* however => for the spectrum no IR divergencies

=> for decay rates IR divergencies can be cancelled by summing up virtual and real photons

* 1t’s not enough to add the EM interaction to the quark action, but new strategies should be developed
in order to evaluate decay rates on the lattice

such a new strategy has been recently proposed [PRD91 (2015) 074506]

and applied to the leptonic decays of kaons and pions [arXiv: 1610.09668 (LAT *16)]




the new procedure is based on a double expansion at LO in 0tem and O0m = mgq - my

PRDS87 (2013) 114505

PRD91 (2015) 074506
1) the emission of virtual photons at leading order in the EM coupling is evaluated on the lattice ( )

2) the subtraction of the infrared divergence is computed for a point-like meson using the finite lattice volume as the infrared regulator

3) the emission of virtual+real photons from a point-like meson is added using a photon mass for the infrared regularization

=R () W rE ) )]

master formula for the leptonic decay rate

F(PS — Ev[y]) =T (PS— (v): [1 +OR, (AEY )]

u
W =L5(013,7, 754, PS)

G2 p m? ) 2 My
tree level:  T"*”(PS — (v)= _F|Vchqz my | 1-—%- [fzgg)] M g (0)
87 M M g =M pg + 01,0, M g
) M A +(md _mu)éSUQ)MPS
ORys(AE,)==log| —% |+28| — -5 — |+ (AE, )
n M w f PS M PS
/ \
short.distance EW correction virtual photon emissions calculated ~ EM correction (virtual + real photons up
Cincluded in Ge (u lifet; on the lattice (using the lattice  to energy AE,) for a point-like PS meson
not included in Gr (u lifetime) volume as IR regulator) (using a photon mass as IR regulator)

*0A,, and o' (AEY) are separately IR finite and independent on the specific IR regularization

10



calculation of 0I'P((AE,)

or” (AE},) =0l {)” +oI’ 7 t (AEy) the sum is IR finite (Bloch-Nordsieck mechanism)

o & o and o »igb o % Virtual photons 6r0pt [PRD91 (2015) 074506]

FIG. 8. One loop diagrams contributing to the wave-function
renormalization of a pointlike pion.

1
ST (AE,) = E{Blog(M]%S/Ma/) — 3+ log(ry)

' '
L} 1
L} 1
L} 1
L} 1
: 2 — 10r2 :
] 2 _ 4 2 1
: —  4log(ry) + ———="log(r}) ;
- Sep - ——pm——- = Sao > - ek T, > - ——p--- 1 2 '
' 1+7r '
] J4 2 2 1
: — 21 Llog(r?)log(r}) ;
FIG.9. Radiative corrections to the pion-lepton vertex. The diagrams represent O(a) contributions to 1"8[. The left part of each diagram . g :
represents a contribution to the amplitude and the right part the tree-level contribution to the Hermitian conjugate of the amplitude. | 1+ Ty . 2 ,
The corresponding diagrams containing the radiative correction on the right-hand side of each diagram are also included. ! — 4 1 T'2 L12 (1 - ré) :
' ' 1
: 2 2 2 :
: + 122 ogll =7m)
' (1=77) '
L} 1
k pt ' 4—rp—4r? '
real photons oI'1P(AE,) : ot () 5
' (1—r7) '
L} 2 1
N. CARRASCO et dl. PHYSICAL REVIEW D 91, 074506 (2015) 1 — g 28r; + 3rp — 22 E
L}
;WVW “W%Z gwm ' 2(1 —r3)? '
L} »g 1
L} 2 1
1 1 _|_ r . 1
AN L E L A ) :
' 1—r '
1 Z ]
1
(a) (b) (c) R el
% r=m,/M,s, 1,=2AE [M,
B >> —————— »<>> —————— »@&»
; ; ; AE, ~10-20 MeV

for the point-like assumption to be valid

FIG. 10. Diagrams contributing to I'; (AE). For diagrams (c), (d) and (e) the “conjugate” contributions in which the photon vertices on
the left and right of each diagram are interchanged are also to be included. The labels (a)—(f) are introduced to identify the individual
diagrams when describing their evaluation in the text.

11



calculation of 0Aps

%<” B eh
p Uy % 17, d vy
(b)

. virtual photons between quarks

and/or lepton

u €+ u €+ u €+
Cd i ? - " @d i ? connected diagrams

(d) (e) (f)

FIG. 5. Connected diagrams contributing at O(a) to the amplitude for the decay z™ — #v,. The labels (a)—(f) are introduced to
identify the individual diagrams when describing their evaluation in the text.

N. CARRASCO et al. PHYSICAL REVIEW D 91, 074506 (2015)
q q q
. <>§_>< S C}ﬁ< o C)'Qz : disconnected diagrams
d v d v d .
(a) (b) ()
q 0 a2

) OO
U /+ U o+
KPS GEE G
(d) (e)

FIG. 6. Disconnected diagrams contributing at O(«) to the amplitude for the decay ™ — #*v,. The curly line represents the photon,
and a sum over quark flavors g, ¢, and ¢, is to be performed. The labels (a)—(e) are introduced to identify the individual diagrams when
describing their evaluation in the text.

quenched QED: essc2 = ()

12



* virtual photons between quarks: lattice calculation

—l— u €+
< < <
d Ve
()
p
(00) (1) = . . D
5C (1) =~ 2 (o7 {72,0)j;" (xl) i () 035 (2.=0)J|0) A, (3.3, ) 7 £
x X1, Xy T T PS
I conserved I
em quark current photon propagator
(V-A) quark current PS interpolating field
p
tree level: - C, ()= X,(0]7{12,(0) gy (%.~1)}]0)
X PS
(99)
large time distances: C, (7)+8C"“! (f)—— ZpsArs [e‘M st _ oM Ps(T‘f)]
’ 2M pg
Mpg=MQ+6M,;, A“=AR+5AY, 7, =7 +5Z,
(49) Sl 7z Al M M)
6C* (1) . [ P s J+ OM p (1) f(;)EMg;)(Z_I) — Te 1=~ MOt
Co(t) t>>a Zif) AS;) MS;) oMt _ M (1)

kkk%EE OM ¢ from the slope and o0 [Z PSAEJZQ)} from the intercept *****

13



gauge ensembles from the European Twisted Mass Collaboration (ETMC)

* N = 2+1+1 dynamical sea quarks: two light mass-degenerate flavors, strange and charm sea quarks
with masses close to their physical value

* three values of the lattice spacing: 0.0885,0.0815,0.0619 fm

* pion masses simulated in the range between 220 and 470 MeV

0-1 i 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 j
| © O self energy (a)+(b) i
(R0, ]
0.0 _AA °0, 0 O exchange (c) |
IEI A, ® o5 A sum (a)+(b)+(c) ]
o : EIEIEIQEE ® ¢ :
O 0.1 EEIEIE'EIEIE] ¢ -
~ A BEg é
% _ @%%?EEEE Z
o -0.2 | <I> <I> <]> <I> .
- B35.32 -
I M ~ 300 MeV ]
-0.3 + i K-meson —
I A ]
M _~550MeV AAaa i
_0.4 i 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 i
0 5 10 15 20 25 30 35
t/a

OM ,, from the slope ) [Z PSAE)ZQ)] from the intercept




* virtual photons between quarks and final lepton: lattice calculation

U 0t (% Vas
Tt al
[times the tree-level leptonic part]
d Vy d Vy

(e) (f)
6C(1)== X (OIT{J2.07i" (x,)03s (=)0} A, (31,3, )7
' L_t(pv)]/p (1 —7s )Sﬁ (O’x2)yuv(p£)|:‘7(pf)7/0 (1 —7s )U(Pv)%}

S'(0,x)= free twisted-mass lepton propagator ~ E,=\m; +p;, E,+E,=M,’  p, injected via non-periodic b.c.

tree-level: C, (t)=C, ()Tr(p,.Pps)

) o
Pps DPps

leptonic trace: Tr(pf,pps)=ﬁ(pv)}’p(1—75)V<Pg)‘7(19z)7’o(l_Vs)u(pv)M M
PS PS

* expanding the (V-A) structure of the quark EW current:

5C(qﬂ) (t) = ZA |:5C(V°) (t) + 5C(Vk) (t):| + ZV |:5C(AO) (Z) + 5C(Ak) (t):| (twisted-mass renormalization)

) | 0
5C' (1) _y Las SAY) Tr(p,, pPS)[e_Mg’S)t + backward signals]

>>a ZMI(D(;) \

depending on the time/spatial components

15



arXiv:1610.09668 :

* (unknown) structure-dependent FSEs start at order (1/ L)2 |:> compare {

0.015

0.010 |

-0.010 |

-0.015 Lo

subtraction of IR divergence and of universal FSEs

(pt)
5APS 6APS (L ) . A" (L ) virtual photon emission from a point-like meson
A(O) A(O) A(O) using the lattice volume as IR regulator
PS PS PS
—5A(P’)(L) =b log(M L)+b + b, b, +b§D b3+b3SD b, :bz’(’%ﬁf) [known]
AE’(.)S) " "~ ’ PS (MPSL)Z (MPSL)3 r=m M

> Wv[y]

A40.32

ETMC data

Mn ~ 300 MeV

a~0.089 fm

solid lines: A + B/ (M L) fit

—©—universal FSEs subtracted up to 1/L

= "point-like" FSEs subtracted up to 1/L°

3 4 5 6 7 8 9

10

up to 1/ L* subtraction: b, = 0

up to 1/L subtraction: b, =b, =0

] 2. (M AY +5AY
i 5RE(AE;““):—10g£ Z]+25 z (0)5 Z
T M, Al
A(Pt)
,0A™(L) oM,
A,(TO) MT(EO)

+a,,(Z, +ZZ)+6F’”(AE;“3X)

AE™ =29.6 MeV

residual FSE still visible

SD SD
b,+b,” << b,

16



* chiral extrapolation [Knecht et al., EPJC 12 (2000) 469]

M2
SRH(AE;HEIX)=47Z'E +—log( j+A§+Da +5F”(AE““”‘)+KFSE(L) E=—2r_
(47 f,)
/
residual (structure-dependent) FSEs: K, SE ) K, + = E,A,D,K,,K f : 5 free parameters
(ML) (EL)
ETMC data
0.035 — O B=1.90,L/a=20 @ 5-1.90, L/a=32 (FSE corr.)
i O p=1.90,L/a=24 B p-1.95 L/a=24 (FSE corr) ) )
i O 5-1.90 L/a-32 @ - 1.95 L/a- 32 (FSE corr) 1 open markers: ETMC data with subtraction of
0.030 L OO p=1.951/a=24 @ 5-2.10,1/a- 48 (FSE corr.) - universal FSEs up to 1/L
i o B=1.95L/a=32 continuum limit ]
i O - 210, /2 =48 T T farp=1.90 full markers: ETMC data with subtraction of both
0.025 | E physical point — —fitatB=1.95 — .
- @ - 1.90, L/a~ 20 (FSE corr.) — —fitatp=2.10 . universal and structure-dependent
. B 5-1.90,L/a= 24 (FSE corr.) FSEs

0.015
0.010 |

0.005 L~

£

Ll -
2 0.020
o

o

M § (GeV)

A SRE'T (AEM™)=0.0176 (21)

——— fit including the chiral log lcziof =0.7

adopting different fitting tunctions (chiral vs. polynomial) with ditferent subtractions, one has
* adopting diff fitting f i (chiral vs. poly 1al) with diffi FSE sub I h

SRI™ (AED™)=0.0169 (8),,1.. i (1 Dy (D (2).
=0.0169 (8) (13).. =0.0169 (15)

stat+ fit syst

SR (ML)

14

SREM™T (AEm )

14

=0.9993 (26)
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results for charged/neutral kaon and pion masses

0.005 H © p=190va=20 @ 5-1.90 L/a =20 (FSE corr) — 0.005 H @ B8-190,1/a=20  ===== fit p = 1.90, L/a = 20 — 3
pion
Ll O p=1.90,1/a=24 B 5-190 L/a=24 (FSEcor) | || M p=1901/a=24 — —fitp=1.90,L/a=24 |
F| O B=1.90,L/a=32 @ -1.90 L/a=32(FSEcor) | - L z p= 1':3’ tﬁaz zi _:mz ]'Zz tﬁa: zi i ’
p=1.95L/a= — = fitp=1.95L/a= b .
A peros a2 A petosUas2asteor) | T | & ioroe o . ] universal FSE: — o, x (2 +M HL) /L
0.004 |- O p-195La=-32 @ 5-195L/a=-32(FSEcor) | ] 0.004 || WV p=210,1/a=48 fitp=2.10,L/a=48 -
N> L v B=2.10, L/a =48 v b= 2.10, L/a = 48 (FSE corr) 4 N/>'\ | O physical point = continuum and infinite volume | | Hayakawa&UnO [PTP 08]
() i | e h . 4 . ’
9 i [ | (\%/ universal FSEs subtracted ~_.=="" [ § BMW QEDL on T [SCIence 15]
d d for universal Fses I A
Nz% 0.003 | ata corrected for universa s | ~ . 0.003 |- . . N
; - e B o 1= residual FSEs still visible
NEE o ’ o ® 1 N :
r [ X7 ] =
0.002 | o Vv ] 0.002 ) ) Phys 3 2
[ WY o e &, ] [ M2 M2 | =1226(58),,,(96), 107 GeV
® < Y,
L % lattice data i
exp.
-t v v 1 2 2 X -3 2
OOO‘I PR T S W N U TN [N T T A S T T Y S N OOO‘I PR TR T AN T W WO T [N SN U T T A SN SO SO T T SN S N [M”+ —M”O] :1.2612 (1) 10 GeV
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
M? (Gev®) M2 (GeV?)
1 O T o B=1.90,L/a=20 . B =1.90, L/a = 20 (FSE corr.) T 1 0 \r' T T T T T T T T T T T T T T T T T T T kaOn
| O s-190,1/a=24 B 8 -1.90, L/a = 24 (FSE corr.) | A \'-‘ @® 5=-190,L/a=20 :
L Z p=1.90,L/a=32 : p=1.90,L/a=32 EFSE corr.; | 09 L "‘-_' B =190 L/a=24| - ) ) 5 ) QED
B=1.95L/a=24 B =1.95,L/a= 24 (FSE corr. 9\ ® =190 L/a=32|
i O 5-1951/2=-32 @ -1.951/a=32 (FSEcorr) ] oW, A P 2 B l:M i _M 0 +M 0 _M :I
R\ B=1095L/a=24| | K K b1 T+
0.8 - V 5-210L/a=48 W 5=2.10,L/a = 48 (FSE corr.) - ) 8 —
[ | L 3 @® -1951L/a=32| - y 2 2
v 0.8 - &, WV p-210,L/a=48| ] Mn+ - Mﬂo
i 6 . 1 L M O physical point i
L data corrected for universal FSEs | )
- - L fitat p=1.90 1 phys -
w”™ 0.6 [ 1 « 07r ey | fit at p = 1.95 7] Ey =0.833 (22)smt (28)S o MS(2 GeV)
I~ on . L - ——fitatp=2.10 ] %
L a . - \‘* continuum limit 1 .
I - 4 m 0.6 - X 1 M9 =07(3) [arXiv:1607.00299]
Vo I QN I 14
0.4 é ¢% ® - g
I M % 1 0.5 B universal FSEs subtracted N :.‘-:"-' -l -
A m A O - N e O = — ( )
i % lattice data ] o ChPT fit = A - !__ 5SU(2)MK —_— 4.66 (6)Stat 22 syst
02 T T BT R T R T T 04 i PR TR TR NN TN SRR TR N NN TR N A TN SR T NN T N | i
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
2 2 _ J—
M 2 (GeVZ) Mn (GeVY) md mu - 2 '69 (5 )Slat (13)syst MeV
I
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* K/T ratio: OR, (AEY) =0R, (AEY)— OR, (AEY)

K* = u'v|y]:AE™ =235.5 MeV
"= W[y AE™ =29.6 MeV

T+

max 1 3 M2 A 1 ~ max max
SRy, (AE;™)= A, - 4—10g[ x j+ AE+AL +Da’ + 8Ty (AE™ ) - 8T% (AES™ )+ K (L)
/3 M
K K' K K’ e
K2 (L)= 2+ (K)z - (ﬂ)z - Ay, A A,,D, K, K : 6 free parameters
(ML) (E®L) (ML) (E"L)
ETMC data
0.01 O B=1.90,L/a=20 @ 5-1.90, L/a= 32 (FSE corr.)
O p=1.90,L/a=24 B B=1.95 L/a=24 (FSE corr.) . . .
i O =190, L/a= 32 @ - 195 L/a= 32 (FSE corr) open markers: ETMC data with subtraction of universal
L O g=1.95L/a=24 @ 5-2.10,L/a=48 (FSE corr.) FSEs up to 1/L
0 B=1.95L/a=32 continuum limit
i O B-210,1/a=48 — —fitat p =1.90 1 full markers: ETMC data with subtraction of both
0.00 B physical point T frarh=19 . universal and structure-dependent FSEs
— o B =1.90, L/a = 20 (FSE corr.) — —fitatp=2.10
é - B B-1.90,L/a=24 (FSE corr.) 8
" I | ,=====5 <— fit including the chiral log ~ x;, =1.1
e . Il [E
o L T] .
©w o s 2 u, max
Y & t///f // // // ///‘ «— SRY(AE!™)=-0.0112(21)
& s = 77, "/ o @ o
_ K+ _ + + B + max
- 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
02 0.2 03 04 05 o6 OsuaRen =—0.0043(11) [Cirigliano&Neufeld *11]
M (GeV)

* adopting different fitting functions (chiral vs. polynomial) with different FSE subtractions, one has

SR (AE™)

—0.0137 (A D yure e O epirs Mpse (D),
~0.0137 (11),,,,,  (6),,, =—0.0137 (13)

SR (AE™)
S REZPT ( AE;nax )

2

=122 (26)
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two open issues

* removal of the qQED approximation |::> evaluation of (fermionic) disconnected diagrams

* maximum photon energy: AE, ~10-20 MeV for the point-like assumption to be valid

R PYS(AE )

O-OZO T T T

0.019 [

0.018

0.017

0.016

0.014 Lo

> uvIy]

i

0.015

“RW”mE)
;

5 10

15 20
AE  (MeV)
Y

~ OK for the pion case (AE,™ ~ 30 MeV)

R phys
Kn

(AE)

-0.010

-0.015

-0.020

-0.025

7 Y

-, ~7R "™(aE)
n Y

I
I
‘ K" > uw'v[yl / n" -> u'v[y]

50 100 150 200

AE  (MeV)
Y

NOT OK for the kaon case (AE,™x ~ 235 MeV)

cuts in the photon energy for experimental data should be (re)considered
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semileptonic K3 decays

2 5

F(K*’O N 7r0"€+v) = %ﬁ

Oﬂf 2 +.0 +’0727
19271_3 K0 Vv fK (O)‘ 1(0) SEW (1+5}15<M ! +5§U(2))

us J + K/

* 1B correction(1+5 r+6 SKJQ)) :not yet available from lattice,

but previous approach can be extended to K, decays (work is in progress ...)

*f (0)= ffo”_ ( g’ = O) is till now the only relevant hadronic quantity
- dedicated studies at 2 = 0 to avoid the systematic due to the momentum extrapolation (RBC/UKQCD coll.)
- however such a systematics is largely sub-leading (see arXiv:1602.04113) and the EM corrections requires

the knowledge of the momentum dependence of the ff’s

* the phase-space integral / S) , depending on f,_ (cf ) / { (0) , 1s evaluated using the experimental data

+

- experimental kinematical range: m; <q’ < (M «— M, )2 ~0.129 GeV’

2 2 \? 2 \?
. . 1 q 1 " q 1 " q
Teptorexpansion: 1)/ .(0)=1+ 2, A2 (4] L (4]

and curvatures, A,

* strong correlations among slopes, A,

‘0 o-and ...
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* dispersive approach [Bernard et al. ’09]

¢ A +H( )} ¢ log(C) ~G(q )]
dzsp : dlSP — eqCT
)0 )0 (0, + 1)
( ) qu = MIZ( - Mﬁ
M:g*> T () (S) derlder—4°) 7 [0} (S)
H 2 — " nd d + , G 2 — d 0
S8 il Ko S Ul = K T i

- in the elastic region @, ,, is the P(S)-wave phase shift of the (K7),_ , scattering
- both H(qz) and G(qz) can be evaluated numerically, obtaining:

A=A, Ay =M ][ log(C)—0.0398(44) ]/ gz,

A=A +579(97)-10™ =(4) +4.16(56)-10

A, =A+579(97)-10™-3A, +2.99(21)-107 2 =(A) +4.16(56)-10 32, +2.72(21)-10°

AT =25 .75(36) 107
KTeV, KLOE, NA48/2, ISTRA+: [Moulson *14]
log(C)*™ =0.1985 (70)
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* momentum dependence calculated only by ETM Coll. [Carrasco et al., arXiv:1602.04113]

£ 0.24
B0

log(C)

026

025

0.23

0.22

—— V. f(q)

us +

— V. f(q)

us 0

— exp data fit

£.(0)=09709(46) = >

0.26 ' T T T T
[ |== FlaviaNet '14
0.24 — ,f_‘\\ =
- |—ETMC '16 % N
/ \
/ /__-\l
B ] / w
0.22 | L .
- ‘\ \ ISTRA+
\ \\
\‘ \
0.20 \ | _
| /
i_1_7
\ ~ _// =T
0.18 L < . ,/NA48/2) i
\\ - ” /
KTeV *\\ _ 7 KLOE
0.16 | 1 1 1 | 1 1 1 | 1 1 1 |
22 23 24 25 26 27
A x10°
+

28

A, =2422(1.16)-107
log(C)=0.1998(138)

results at the physical point

agree with experimental data

Vis

ETMC '16 FlaviaNet '14
A, =25.75(36)-107
log(C)=0.1985(70)

correlations among f, (0), A, and log(C)

have been calculated

precision expected yo be

improved in the next future

more lattice calculations of the
momentum dependence of ff’s

are called for

= 0,2230(4)exp.(1 1)f+(

0)
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CONCLUSIONS AND PERSPECTIVES

* lattice determinations of fK+ / fﬂ+ and f, (O) have reached the precision of few permille
[FLAG arXiv:1607.00299 and web update]

* improvements can be expected in the next future from the production of new gauge ensembles
and a precision at the permille level (or even below) is foreseeable in the future, but ...

uncertainties on electromagnetic and strong SU(2) corrections are at the permille level

next target: evaluation of weak decay rates on the lattice including QCD and QED

 anew strategy to calculate QED corrections to hadronic processes, although very challenging,
is within the reach of present lattice technologies [PRD91 (2015) 074506]

* the first lattice results on the electromagnetic effects in the leptonic decay rates n+ — u+v[y]
and K+ — u*v[y] have been already achieved [arXiv: 1610.09668]

SRI™ (AE;™) /SR (AE;™)=0.9993 (26)|  [SREZ(AE]™)/SRE (AE;™)=1.22 (26)

% extension to semileptonic K3 decays is in progress

* importance of studying the momentum dependence of the semileptonic K3 form factors
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analysis within the SM

L ~0.2760 (4) e . : -
: from either %~ or f, (0) one can obtain both V. and V,, assuming CKM unitarity

us

from K, decays:

ud

|4

us

T

£.(0)=0.2165 (4)

n,+

from K ,; decays:

FtnG2016 Vsl IV udl

ETM 16kpy
ETM 14E A
] ENAL/MILC 14A [ ]
FNAL/MILC 13E
FNAL/MILC 13C
ETM 13F
HPQCD 13A
MILC 13A

H H MILC 11 (stat. err. onIY)) HH
y

ETM 10E (stat. err. onl

Ne=2+14+1

FLAG average for N;=2+1
BMW 16ulb

RBC/UKQCD 15A
RBC/UKQCD 14B
RBC/UKQCD 1
RBC/UKQCD 12

FNALMILC 12 Ny=2+1+1 0.2248(8) 0.97440(18)
HEE3 0 10 Ny=2+1 0.2248(6) 0.97440(13)

RBC/UKQCD 10
1 J:h?)l_c%s%(/:fx\(l)gcn 09A (stat. err. only) Nf =2 02256(19) 0.97423 (44)

MILC 09
Aubin 08

Ref. |Vas| |Vl

Jeur [F o %
[FE ] ®
i

Ne=241

N ELLL

9) 0.97417(21)
0.2165(26)  0.9763(6)
, ALPHA 7 decay + ete” 39) 0.9753(9)

N ' ETM %88 %sgag. err. onlyg : g ’
stat. err. only _
I ETM DA 7 decay + ete 201 0.2238(23) 0.9749(5)
oy QCDSF/UKQCD 07 V.
prd QCDSF 07 (stat. err. only) 2/
JLQCD 05 /

Efnégpllt‘lh ?Lgercgv\é/cay andete~ }_._{
) Mg fdecsyand - — e e el |
. o Tay T modes Fdesy . o new 1mplementation of the relevant sum rules

0.'23 0.973 0.975 [see Maltman’s and Banerjeei’s talks in WG1 ]

CD
= RBC/UKQCD 07
HPGCD/UKQCD 07
NPL 6

H

}—D cbis B | § decay
By

MILC 64 ——[}24_*
—
-

T decay

FLAG average for Ny=2
ETM 14D (stat. err. only)
13A

— = Trl

T 17T

K+

triangles: from f, (0) squares: from

n,+
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European Twisted Mass Collaboration (ETMC) setup

- Nf = 2+1+1 dynamical sea quarks: two light mass-degenerate flavors, strange and charm sea quarks close to the physical ones
- Wilson twisted-mass action for sea and valence up/down quarks, Osterwalder-Seiler action for valence strange (and charm) quark
- Iwasaki action for the gluons

- maximal twist guarantees an automatic O(a)-improvement for the above non-unitary setup

gauge ensembles

ensemble 15} V/a4 Qllseq = Qg | ALy afLs Netg afls M+ Mg+ L ML
three values of the lattice spacing: (MeV) | (MeV) | (fm)
a~0.0885 (36) 00815 (30) A30.32 1.90 | 323 x 64 0.0030 0.15 0.19 150 | 0.0236 278 564 2.9 4.0
0.0619 (18) fm A40.32 0.0040 100 318 573 4.6
A50.32 0.0050 150 351 581 5.1
A40.24 243 x 48 0.0040 150 325 579 2.1 3.5
lattice sizes from 1.8 to 3 fm A60.24 0.0060 150 387 594 4.2
A80.24 0.0080 150 444 615 4.8
3<M;L<6
A100.24 0.0100 150 496 636 5.4
A40.20 203 x 48 0.0040 150 331 583 1.8 3.0
3

pion masses from 225 to 500 MeV B25.32 1.95 | 32° x 64 0.0025 0.135 | 0.170 150 | 0.0209 261 542 2.6 3.5
B35.32 0.0035 150 304 551 4.1
B55.32 0.0055 150 377 574 5.0
the strange quark mass at each [3 B75.32 . 0.0075 80 438 596 5.8
is calculated using the physical m B85.24 24° x 48 0.0085 150 468 609 2.0 4.7
mass and Zm obtained by ETMC | D1548 | 210 | 48%x 96 |  0.0015 | 0.12 | 0.1385 | 100 | 0.0161 | 226 | 526 | 3.0 | 34
in NPB 887 (2014) D20.48 0.0020 100 257 529 3.9
D30.48 0.0030 100 313 546 4.8
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0.1 T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T

P O self energy (a)+(b)
- A (0] o
0.0 L) o O exchange (c) ]
I EIAA %o o5 A sum (a)+(b)+(c) ]
S Ega %% 1 OM, from the slope
o B = EQE @ - PS
-0.1 EEEEE‘E|E|E|E|§ ]
i A B

5 C(qq) /C
D>
=
e+
G g
B+
g
B
&
~cf]
+of]
o]
~o-{1]

I ??EE
0.2 | 5 -

! B35.32 3 ) [Z PSAZQ)] from the intercept

[ M ~300MeV
03 K-meson R i

~ A
M _~ 550 MeV Aaa

_0.4 [ 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1

0 5 10 15 20 25 30 35

t/a

* need to subtract 0Z
1 — em em s
6C” (t) = _5 Jd3xd4x1d4x2 <O| r {¢PS (O)]u (xl)]u (xz) ¢;S (x’_t)}| O>Aem ('xl ’xz)
tree level: C,°(t)= Jd35c’ <O|T{¢PS(O) Ore (X,—t)}|0>

5CPS(1) . 5[ZPS]_5MPS _|_5MPS PS
COPS (t) >>a Z(O) M(O) M(O)

T e MR _ -
4
e

(t) fPS (Z)E M;%)(E_ “MO(T—) z—MI(J(;)t

~Mpgt

+e

SM ,, from the slope and &|Z,,| from the intercept
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two further e.m. corrections due to Wilson (twisted-mass) fermions

| YT Y _ ysT+Y
- tadpole vertex: ZeffT,;f (x):Ze;[qf(x)%[]ﬂ(x)qf(x+u)+qf(x+:u)—5 32 #UZ(X)qf(x)}
fou fou

- shift of the critical mass: 6m{'q,(x)iysT,q,(x)

v @ Ly % Ly ‘% from vector WI

2

cr € — —
PRD 87 (2013) 114505 m{ = =L *=Yo  ®=7s
Vo € >
01245 T T T T T T I T T T -I-O T T T 7T T T T 1 LI I LI I LI I B | I LI LI I B |
I O B=1.90,L/a=20| 1 O sm O sum
L - O tadpole
oouol ®© © O p=1.90,L/a=24 } % +
: O p=1.90,L/a=32 : 0.5 _é ]
[ O p=T.95L/a-24] ] ' ¢ ih | strong correlation
= i O p=1.95L/a=32| 7 I % :FF:F 1
© 0235 ! e - @ ]cff 1 between Ome and
Q - O B=2.10,L/a=48| - 80 i J
~ [ ] J 0.0 [S9e0ec00000000¢x eroeeeo- -4 tadpole terms
S | i Q | 1
E o230 EE B B - “ - o ¥ ) 1
© i ] [ 1 the sum 1s well
0.225 | *®%8°®m =m @ ] 05 1 i 7  determined
I i i M ~ 300 MeV |
: sea = l'Llight : B 7]
i ] i M ~ 550 MeV |
0.220 1 1 1 ] 1 1 1 | 1 1 1 _‘I _O o bvvav v by v v by v s by s by vv s by ag
0.000 0.004 0.008 0.012 0 5 10 15 20 25 30 35
aHnt t/a
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besides e.m. corrections at leading order in Oem , we adopt the RM123 approach to evaluate the slope of
the leading strong SU(2) corrections due to mq # m,, based on the insertion of the (isovector) scalar

density in the isospin symmetric QCD limit
JHEP 04 (2012) 124
— PRD 87 (2013) 114505

S
K+: — 7
®—d(x)d(x) u(x)u(x)
u
O 1 1 1 1 I ¢ 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
I @ i
°¢, O scalar density inserti
i SCalar density Insertion ] _ (0)
@ M, =M, +(m, _mu)5SU(2)MPS
30 | ® -
®
! 1 _A0)
Aps =Apg +(m,—m,) 55U(2)APS

UO = -
2 -60 |- -
O
> I ]

I B35.32 i O5yyM ps from the slope

90 - M ~ 300 MeV .
! ®04 ] O5y»,Aps Trom the intercept(s)
| M _~ 550 MeV %0 |
_1 20 L L L L I L L L L I L L L L I L L L L I L L L L I L L L L I L L L L
0 5 10 15 20 25 30 35

t/a
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0.005 H © B=1.90L/a=20 @ 5-1.90,1/a=20 (FSE corr)) fr—
- | O B=1.90,L/a=24 B 58-190L/a=24(FSEcorr.) | -
- O p=1.90,L/a=32 @ p5=-1.90,L/a=32(FSEcorr.) | -
| A\ B=1.951L/a=24 A 5-195L/a=24(FSEcor) | T
— 0004 — o B=1.95L/a=32 ’ B=1.95L/a=32 (FSEcorr.) | |
N> F | V B=210L/a=48 W B-2.10L/a=48 (FSEcorr.) | |
() | ]
& L
- H A
N 2 0.003 |- data corrected for universal FSEs |
= |
. - o ¢ -
(qV] - -
L aee
= - ° ¢ .
0.002 |- o Vv & @
N lattice data -
exp. 9 %
B ] v h
0.00‘I||||||||||||||||||||||||
0.00 0.05 0.10 0.15 0.20 0.25
2 2
M~ (GeV")
T

ChPT fit: Hayakawa&Uno [PTP *08]

(M; _M,io)—%m%(2+MnL)=aem47rf02C 1—(44_

M, +

— Mo =

0.005 — @ B-190,L/a=20  ==s=== fit = 1.90, L/a = 20 —
[ | M p-190L/a=24 — — fitp=1.90, L/a = 24 i
@® B-190,L/a=32 fit p=1.90, L/a = 32
(| A p-1.95L/a-=24 — — fitp=1.95L/a=24 )
- | @ B-195L/a=-32 fit p=1.95, L/a =32 7
0.004 || WV ps=2101/a=48 fit p=2.10, L/a =48 —
N/\ | O physical point continuum and infinite volume | |
> "
q) B Y N
o universal FSEs subtracted =" H;
=
1
[qV]
+
[
=
0.002
OOO‘I PR N T N NN SN TN NN AN TN TN TN TN N TR TN N A NN NN NN N
0.00 0.05 0.10 0.15 0.20
2 2
M (GeV")
T

A \/ '¢
S - 5(3 =
<€u _2€d)262at o .

3) M, M, , K
E)W{log( 'uz ]+B(/,[)j|+DCl +L3

0.25

(M2 - M2 ] =1226(58)

stat

(96), 107 GeV?

[ M2 -M2, ] =12612(1)107 GeV?
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0.25

1.0 QO B-1.90L/a=20 @ 5-1.90 L/a=20 (FSE corr) 1.0 N L L A L WL
I [0 5-1.90 L/a=24 B 5-1.90, L/a = 24 (FSE corr.) i \\, @® p-190,L/a=20] |
i O =190 L/a=32 @ p=1.90,L/a=32 (FSE corr.) ] R \'\" M p=190,L/a=24| -
A B-1951/a=24 A 5-1.951/a=24 (FSE corr.) 0.9 \v, ® $-190,L/a=32|
0.8 -_ O p-1.95L/a-=-32 @ 5-1.95L/a-32(FSEcorr) _- : '-" A p-1095L/a=24 :
. - V B-=210,L/a=48 W B=2.10,L/a = 48 (FSE corr.) - i \.&' @ $-1951/a-32| -
\ 4 0.8 |- W, V 5-210,L/a=48|
o - : \w-' hvsical . :
_ ?é data corrected for universal FSEs © p ysical point
. . - v, -----fitat p = 1.90 -
w” 0.6 [ @ 4 @ 07F Yty |- fit at p=1.95 7
- o - I '\\.\ - — fit at.B=2..10. i
| - B continuum limit 7
! ¥ ¢ A 1 0.6 | _ |
v I S ]
0.4 @ ¢% 0] — i N e 7
i é g % ’ 0.5 B universal FSEs subtracted “\E‘-"ﬂ- -l i
- I A m- B \‘:t‘-'-' B
lattice data L ChPT fit =~
0.2 1 PR AN R TR T NN TN SH TN N T T S NN SR T 0_4 i [N TR TR N TN TN WO NN TR SRS W N TN SN T NN S SN i
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20
M % (GeV®) M (GeV?)
T
ChPT fit: Hayakawa&Uno [PTP *08]
KM.-M, (4 3Y - M M2 . X
8y——K—2”=(— 2Q““+—j A+——=—|log| =% |+ B(u) |+ Da’ +— [Qm =0]
L 4nfiC 3 C 4rnf,) 1 L
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. . — o 1 C(t—1)—-C(t+1 (0)
* subtraction of backward signals: C(r)e"™ =—| C(1)+ ( 0) ( - ) e"'n' —— const.
Mg’s) _Mg’S) t>>a
e’ —e
4 10 5 Ll Ll Ll Ll I Ll Ll Ll Ll I Ll Ll 1 1 I 1 1 1 1 I 1 1 1 1 2-0 10_6 Ll Ll Ll Ll I Ll Ll Ll Ll I Ll Ll 1 1 I 1 1 1 1 I 1 1 1 1
I A40.24 1 - !
- TErEr R A 1
d M ~325MeV | I 00q, T
310° g . - 1510° - oot %)O -
= i - = - @ [ (0} !
S 1 e o [0} 7
= 1 % © o A40.24 o) ]
< 2107 . X 1.010° |- o .
e . — I M ~ 325 MeV 1
S ii o " |
& i 3
Z z . o) -
o (@)
U n = @ - %) . _m -
1107 =1 0 tree level @ - 5.010° - @ o 7]
- - - O 5¢ exp(M @ ¢) O
- | O backward signal subtracted © . : :
i i || O backward signal subtracted ]
O 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 0.0 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 LT 1
0 5 10 15 20 25 0 5 10 15 20
t/a t/a
— 2-point plateau region
~(q!) (q)
. | 5C“" (1 SA
* after subtraction of backward signals: — ( ) > — 3
C(qﬁ) (t) t>>a A(O)
0 PS
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chirality mixing

* EM corrections to the four-fermion effective theory generate UV divergencies that can be regularized
by multiplying the photon propagator by Mw?/(Mw? - k?) (W-regularization)

* on the lattice a perturbative matching has been calculated at LO in Oem  [PRD 91 (2015) 074506]
for lattice formulations breaking chiral symmetry

Ofare:qy ( ’J/S)QIV’Y ( _’}/S)E
Olw_reg - Olbare +aemzzi Oibare 05‘"6 :‘77 (1+75)Q1V7/ ( _7/5)5’ Obare :qz( 7%)‘11 (1+75)
i=1,5 _
0, =q,(1+75)qv(1+7;)¢, 0" =q,0,,(1+75)q Vo™ (1-y;)¢

_1 5 2002 ocD
Z = E[Elog(a MW)—8.863}Zl

. . 1 1
Wilson fermions: Z, = —E[O 536722, Z,= E[l 607]z22 7% = non-perturbative
CD corrections O( o,
Z,= i[ 3.214]72, Z, = L[—0.804]ZSQCD Q ()
T T
* Wilson twisted-mass fermions (rotation to the physical basis) [ (0]0*|PS)=0]
bare (W T8 _ bare bare _ bare _ bare _ bare

Lo 1" " =[or]  +a,, {zl [or], ~z[ow] ~rz[or] -rz[o] l,hys}

Wilson r-parameters: r=r, 7, (f’q2 ==, ) <— to keep discretization errors on Mps

at order O(a?m)

* average over r = x1, since physical quantities cannot depend on r

§A,s =S8AL+8A% +a,, (Z,+Z,) A%
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[8 A (ql) / A (0)]W'reg

W—reg

SA, SA, Z,+7Z, Y AAY (0]0"| PS) = —(0| 0| PS) = ALY
0) == T Tr (Z3 - Z4) 0) bare| pa\ _ bare| pa\ — (0)
APS APS ZV mg APS <O| 03 PS> - _<O| 04 PS> - ZPS
2-0 | T T T T I T T T T I T T T T I T T T T I T T T T I T T T T i mixings With Ol’ O2 don,t depend On I'
B O average over =21 Or-q 23,4QCD =Z, i mixings with O3z, O4 depend on r
15 —— °r=-1,23y4=0 . r=+1,Z QCD=Z _—
i ® -7 -0 > " ] terms due to axial current don’t depend on r
. i o ] terms due to vector current do depend on r
0r @& @ o o o o0 o o o l
05 g g W gul g gN m o N o oo
< 00 [ © @ © ©Wee o 00 e © al L7 =14y =2,
~ L ] OCD __ ~0CD _
F B B g oMy e o Bl o Zs =2y =2,
05 _ . ® o o o oo % o ; “factorization approximation”
0 i | | o | | | i between QED and QCD
_1 . 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 .
0.20 0.25 0.30 0.35 0.40 0.45 0.50 vertex corrections
M1t+ (GeV)
mixings with O3 and O4 can be exactly cancelled out by averaging over r = +1
D subleading effect (~10-3) in
similar result can be obtained using 30 % violation of the : s \ )
— oL .. ., |pion decay and totally absent
73D =7,RCD ~ ()7 Za factorization approximation : .
in the decay ratio K/n

* the non-perturbative determination of Z;QCP and Z,CD is in progress
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8 R (AE™)

Kr

K*—>utvlyl/nt - uiv]y]

RM(AE:’“)=1+%{AO—%log[ﬁf]+A@+A2<s2+ﬁa2+6rz’(AE;““)—srz’(AE;““)+K;;E<L>}
K
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pion and kaon/pion analyses

C K- uv]y]
nt—uv]y] s
= vyl
data set | chiral log | a®-term | x*/d.o.f. Rphys data set | chiral log | a*term | x?/d.o.f. RV
by =bs =0 yes yes 0.72 0.0153 by =b3 =0 yes yes 1.07 -0.0132
no yes 0.75 0.0175 no yes 1.04 -0.0144
yes no 0.74 0.0148 yes no 0.96 -0.0130
no no 0.77 0.0171 no no 0.93 -0.0142 (
bs =0 yes yes 1.00 0.0165 bs =0 yes yes 1.18 -0.0133 (
no yes 0.99 0.0188 no yes 1.14 -0.0145 (
yes no 0.95 0.0163 yes no 1.14 -0.0129 (
no no 0.94 0.0185 no no 1.04 -0.0143 (

Rilz:)hys (AE?I’nax) = 00169 (8)stat+ﬁt (1 l)chiral (7)FSE (2)a2
=0.0169 (8),,,. (13)
=0.0169 (15)

syst

RE2 (AED™ ) ==0.0137 (1), 5y (6) it D (1),
=-0.0137( I)MHﬁt (6)syst
=-0.0137 (13)
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J. Rosner, S. Stone and R. Van der Water, arXiv:1509.02220 [minireview for PDG ’16]

R.(AE™)=0.0176 (21)
R K (AE;H ax) =—0.0069 (17) EM contribution only

... It includes the universal short-distance electroweak correction obtained by Sirlin [18], the universal long-
distance correction for a point-like meson from Kinoshita [19], and corrections that depend on the hadronic
structure [20]. We evaluate [it] using the latest experimentally-measured meson and lepton masses and coupling
constants from the Particle Data Group [3], and taking the low-energy constants (LECs) that parameterize the
hadronic contributions from Refs. [17], [21], [22]. The finite non-logarithmic parts of the LECs were estimated
within the large-N¢ approximation assuming that contributions from the lowest-lying resonances dominate ...

.. The uncertainty is dominated by that from theoretical estimate of the hadronic structure-dependent radiative
corrections, which include next-to-leading order contributions of O(ezp2n,K) in chiral perturbation theory [17] ...
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