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Heavy Flavours




HQE theories: basics

we have seen that it is impossible to discretize the bottom fermion because its
Compton wavelength (//mg ~ 0.04 fm) is smaller than present day lattice spacings

formulate a theory which separates this degree of freedom from low-energy ones

light quark action is as before

heavy quark action is the static one (describing a heavy hadron at rest) +
corrections in powers of [/mp

in the static limit we distinguish the heavy quark degrees of freedom from the
antiquark ones; the former travel forwards in time, the latter backwards

v = Py, ¢y =Py,

B:P—wa wﬁzap_




HQE theories: basics

in terms of these fields we have the tree level action:

£ o= oo+ {0 + 0 + £} + o)

static terms: lowest order terms in heavy quark mass expansion

Ly™ = Yyp(Do +m)iy L3 = Yp(=Do + m)y

they describe a static quark which only moves forward in time without movement in
space (do spatial derivatives)

eventually the heavy mass “factors out” through a redefinition of the fermion field
the quark propagator is a Wilson (Polyakov) line

the “static” B-meson (heavy-light quark particle) propagates as follows:




HQE theories: basics

in terms of these fields we have the tree level action:

£ o= oo+ {0 + 0 + £} + o)

static terms: lowest order terms in heavy quark mass expansion
tat o —
L3 = by (Do + m)in L3 = Y (=Do +m)iy

the |/m correction has terms like

_ﬁ(okin + Ospin) ;
Yy, DDy ¥y = b, D* 9y,

1 _
Yy Z_iFkl Okl Yn = Yy o-Byy

® two distinct physical situations: the physics of a heavy-light quark meson and that of
the bottonium (heavy quark-antiquark pair)




HQE theories: basics

heavy quark almost at rest, with motion ® heavy quarks move around each other
suppressed as Aocp/mg in the meson rest frame

described by HQET: systematic
expansion in Aqcp/mo




HQE theories: basics

® balanced kinetic and potential energy

® uncertainty relation
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HQE theories: basics

® balanced kinetic and potential energy

® uncertainty relation

<P >~ asmg

average velocity Vo~ <P > /mQ ~ Qg




HQE theories: basics

L

® heavy quark almost at rest, with motion heavy quarks move around each other
suppressed as Aocp/mg in the meson rest frame

® HQET: systematic expansion in NRQCD: three well separated scales

® Agco/mg ® quark mass mqg

® spatial momentum <p> ~ mqv

® binding energy <p?>/mq ~ mgq v




HQE theories: basics

L

® heavy quark almost at rest, with motion ® heavy quarks move around each other
suppressed as Aocp/mg in the meson rest frame

o HQET: systematic expansion in e NRQCD: systematic expansion in

® Aqcp/mg ¢




HQE theories: basics

® in terms of these fields we have the tree level action:

£ o= oo+ {0 + 0 + £} + o)

® static terms: lowest order terms in heavy quark mass expansion (m factors out !!)
tat A —
Ly = Yp(Do+ m)iy C%tat = Yz (—Do + m)Yg

® the |/m correction has terms like

_ﬁ(okin + Ospin) ;
Yy, DDy ¥y = b, D* 9y,

1 _
Yy Z_iFkl Okl Yn = Yy o-Byy

HQET leading order terms are O(/) and subleading are O(//m)

NRQCD leading order terms are O(1) and subleading are O(v?)




HQE theories: basics

® in terms of these fields we have the tree level action:

{ef + £ + £} + o)

® static terms: lowest ordef terms in heavy quark mass expansion (m factors out !!)
stat _ ) —
L5 = (Do + m)yn L3 = Y (=Do +m)iy
® the //m correction has terpns like

=+ Ospin) )
'h — Eh D2 ¢h )

HQET leading order terms are O(/) and subleading are O(//m)

NRQCD leading order terms are O(/) and subleading are O(v?)




HQE theories: basics

® in terms of these fields we have the tree level action:

£ o= oo+ {0 + 0 + £} + o)

® static terms: lowest order terms in heavy quark mass expansion (m factors out !!)
tat A —
Ly = Yp(Do+ m)iy C%tat = Yz (—Do + m)Yg

® the |/m correction has terms like

HQET leading order terms are O(/) and subleading are O(//m)

NRQCD leading order terms are O(/) and subleading are O(v?)




HQE theories: basics

® in terms of these fields we have the tree level action:
{ef + £ + £} + o)
® static terms: lowest ordel terms in heavy quark mass expansion (m factors out !!)
Ly™ = Yyp(Do +m)e L3 = Yp(=Do + m)y

® the I/m correction has terl*ns like

=+ Ospin

HQET leading order terms are O(& and subleading are O(//m)

NRQCD leading order terms are O(/) and subleading are O(v?)




HQE theories: basics

® in terms of these fields we have the tree level action:

£ o= oo {ol) + 20 L]} ) o)

® static terms: lowest order terms in heavy quark mass gxpansion (m factors out !!)

Ly™ = Yyp(Do +m)iy LR = p(=Do +m)yy

s —

® the |/m correction has terms like

_ﬁ(okin + Ospin) ;
Yy, DDy ¥y = b, D* 9y,

— 1
—F
(3 o7 Lk Ok (N

HQET leading order terms are O(/) and subleading are O(\/m)

v
NRQCD leading order terms are O(/) and subleading are O(v?)




HQE theories: quantum theory

in terms of these fields we have the tree level action:

£ o= oo+ {0 + 0 + £} + o)

static terms: lowest order terms in heavy quark mass expansion (m factors out !!)
stat _ ) —

L™ = (Do +m)iy L3 = ¥y(=Do + m)iy

beyond classical level we regularize the theory on the lattice (e.g.Wilson fermions)

the static (LO) contribution acquires a mass counterterm

the HQET terms (NLO) have less trivial O(//m) coefficients

_ﬁ(okin + Ospin) ’
Y, Dy Dy Yy, = 1y, D* 9y,

1 _
Uy, Q_iFkl Okl Yn = Yy 0-By




HQE theories: quantum theory

in terms of these fields we have the tree level action:

£ o= oo+ {0 + 0 + £} + o)

static terms: lowest order terms in heavy quark mass expansion (m factors out !!)
stat _ ) —

L5 = (Do + m)yn L3 = Y (=Do +m)iy

beyond classical level we regularize the theory on the lattice (e.g.Wilson fermions)

the static (LO) contribution acquires a mass counterterm

the HQET terms (NLO) have less trivial O(//m) coefficients

_ﬁ (Okin +@ (33) — _(wkin Okin (CB) + Wspin Ospin ($)) '

I / 2
= vnPrProh = ¢ D7 Yn,

1 _
Uy, Q_iFkl Okl Yn = Yp o-By




HQE theories: quantum theory

in terms of these fields we have the tree level action:
1 1 1
o= gty o 4 {ol + o + £+ o)
static terms: lowest order terms in heavy quark mass expansion (m factors out !!)
tat A —
Lia — wh(DO =+ m)wh ,C%tat = wﬁ(_DO + m)wﬁ

NB: the O(//m) terms are dim=5 operators; thus both HQET & NRQCD are non-
renormalizable theories, while the static theory is OK

they have no continuum limit — —
Y Yy, DDy by, = 1, D* ay,

— 1 _
LW (2) = — (wiin Oin (%) + Wepin Ospin (). n = no-Fuouin=Pyo By,

some lattice calculations adopt a “phenomenological approach”, working at fixed
lattice spacing, with ma not too small

way out: since static theory is renormalizable, you can consider the static term as
the “theory’s action” and expand the O(//m) terms as part of the “observable”:



HQE theories: quantum theory

in terms of these fields we have the tree level action:

£ o= oo+ {0 + 0 + £} + o)

static terms: lowest order terms in heavy quark mass expansion (m factors out !!)
tat A —
L3 = by (Do + m)in L3 = Y (=Do +m)iy

NB: the O(//m) terms are dim=5 operators; thus both HQET & NRQCD are non-
renormalizable theories, while the static theory is OK

they have no continuum limit — —
Y Owin = Uy, DpDy vy = 9, D* ¢y,

_ 1 _
51(11)(97) = —(wkin Okin (%) + Wspin Ospin()) - Ospin = ¥n 5-Fhi o ¥n = Y o-Bp
expand the action exponential to O(//m)

exp [ __gstat S(l) ] = exp [ __ gstat ] [ 1 — S(l) ]

renormalizable

) part of the observale
action



HQE theories: quantum theory

in terms of these fields we have the tree level action:
1 1 1
o= gty o 4 {ol + o + £+ o)
static terms: lowest order terms in heavy quark mass expansion (m factors out !!)
tat A —
L%a — wh(DO =+ m)% ,C%tat = wﬁ(_DO + m)wﬁ

NB: the O(//m) terms are dim=5 operators; thus both HQET & NRQCD are non-
renormalizable theories, while the static theory is OK

they have no continuum limit — —
Y = by, DDy, by, = by, D* 2y,

— 1 _
LW (2) = — (wiin Oin (%) + Wepin Ospin (). n = no-Fuouin=Pyo By,

expand the action exponential to O(//m)

exp [ __gstat S(l) ] = exp [ __ gstat ] [ 1 — S(l) ]

<O> — <O>Sta‘c + Wkimaf4 Z<Ookin (x)>stat + Wspinaf4 Z<Oospin (x)>stat



HQE theories: quantum theory

<O> — <O>stat + Wkina4 Z<O(9kin (x)>stat + Wspina4 Z<OOspin (x)>stat

X

example |: B-meson mass:

mB = Mp+ 0m + Egiat + wiinPkin + WspinEspin 3

Eyin = —<B|CL3 Z Okin(07 Z)|B>stat

Espin - <B‘CL3 Z Ospin(07 Z) ‘B>stat

example II: B-meson decay constant from the WME <B| AgHQET|0> :
Ay (@) = Zy T [AF (@) + ey e AR (@)

SAZY () @1($)%(§i+$?)7i75¢h(37) :




HQE theories: quantum theory

<O> — <O>stat + Wkina4 Z<O(9kin (x)>stat + Wspina4 Z<O(9$pin (x)>stat

X

example |: B-meson mass:

mp = =+ wkinEkin =+ WspinEspin )
|

Eyin = _<B|a3 Z Okin(07 Z>|B>stat

Espin = —<B‘CL3 Z Ospin(07 Z) ‘B>stat

example II: B-meson decay constant from the WME <B| AgHQET|0> :

Ay 2 () [Aa‘“a%x) ten 0AT ()]

SAZY () %(x)%((ﬁﬂr%fhﬂs%(@ :

leading O( /) terms

NB: ZAHQET may be computed either in PT or NP (better NP)




HQE theories: quantum theory

<O> — <O>stat + Wkina4 Z<O(9kin (x)>stat + Wspina4 Z<O(9$pin (x)>stat

example |: B-meson mass:

mB == My ' Estat kin ‘|'ESpin )

i B|a,3 Z Okln 0 Z>|B>stat

Espin - <B‘CL3 Z Ospin(07 Z) ‘B>stat

example II: B-meson decay constant from the WME <B| AgHQET|0> :

AgIQET (ZC) . HQET [Astat( ) A%tat (x)]

SAZY () %(x)§((§i+$®7ﬂs¢h($) :
subleading O(//m) terms

once these terms are included, everything must be computed NP-ly !!




HQE theories: quantum theory

Ay (z) = Zy AR (@) + AR ()

HQET is known from |-loop PT; this estimate has an error:

1
ln(mb/AQCD)

suppose ZA

AZZIQET X g%(mb) ~

if the power correction, i.e. the subleading O(//m) term is also known:
HQET Aqcp
Cxp X —-
my
as mp is increased, the LO error dominates the power correction

several lattice HQET computations adopt this phenomenological approach, where it
is assumed that the LO correction comes with a coefficient which is small compared
to the power subtraction, in the mass interval of the simulation

the only theoretically consistent approach is the NP one




Step scaling functions for HQET

we need to determine several HQET renormalization constants; e.g. for the HQET

determination of the decay constant fg (which involves the axial current) we need to
know :

® LO dm,ZpHQET

® NLO dom, Wkin, Wkin, CA

their determination goes through matching of several correlations, involving the
axial current, in lattice QCD and in HQET

By (L1, M) = @25 (L, My)

if the matching could be done in physical regimes (e.g. large volumes), there would
be no point in doing HQET in the first place

can do matching in small volumes L

ALPHA: at small volumes, match HQET to QCD and compute renormalization
constants, define a SSF (a new one!), compute it at several a/L, extrapolate it in the
continuum and use matching and iterative techniques to scale up to physical volumes




Step scaling functions for heavy WME

SSF can also be used for the computation of WMEs (rather than renormalization)

M. Guagnelli, FPalombi, R.Petronzio, & N.Tantalo, Phys. Lett. B546(2002)237

first compute the physical quantity (say fs) on a small volume with good resolution

result is unphysical due to strong finite size effects

use finite-volume SSF to move to higher volumes:

June(L1) fne(L2)

Lo<Li<Ly<---

e Pl
Jhe(Loo) = fre( O)fhz(Lo) fre(L1)

frne(me, mpy, Li)
Jne(me,mp, Lk—1) |, —s1,_,

o(mg,mp, Lx—1) =
method works because O has a slighter dependence on |/my than fg (cancellations
between numerator and denominator)

the continuum SSF is obtained by extrapolation at several resolutions a/L of the
discrete SSF




Decay Constants




Basics

QCD effects in leptonic decays are parametrized in terms of a single parameter fm

b
14 [~

B~ v
(v

< 0[A4,(0)|B(p) > = [B Dy
Vacuum-to-meson matrix element of axial current A,u — E’Y,u’)% U

Knowledge of fz allows prediction of corresponding decay rate

G212 2 2
D(B =y +lyy) = =24 f2mimp (1 — m—Ql) (14 O(w))
8T mag




Basics
® Also interested in the decay constants of
pion (u-d quarks) fr
K-meson fk (s-d quarks)
D4 (c-d) and Ds (c-s) mesons fpd , fps
B4 (b-d) and Bs (b-s) mesons fzq , fas
fmmonitors the chiral behaviour of QCD as predicted by chiral PT
fr= 132 MeV can also be used to calibrate lattice spacing
fk can be a postdiction or a way to calibrate the strange quark mass

fa¢ and fss are part of the computation of neutral B-meson oscillations (later)

similarly for fpq - fbs (cf. recent experiments on D-meson oscillations)




fk: recent quenched results

Using tmQCD the Wilson fermion computation has acquired even better precision:
Alpha P. Dimopoulos et al. hep-lat/0702017

several lattice spacings 0.04 fm < a < 0.09 fm enable control of continuum limit

lattice volumes adequate at L ~ 2 fm

with tmQCD no axial current normalization Za needed
two variants of tmQCD enable combined fit to continuum

realisitc masses allowed by tmQCD (mk ~ 490 MeV with degenerate quarks)

JK 165 + 3 MeV
K 1 -4 MeV  Alpha]. Garden et al. Nucl.Phys.B571(2000)237
fK 162 &= 4 MeV  XLF K Jansen et al. JHEP09(2005)07




fk: recent quenched results

fx
fr
fx
fr

1.11 £0.04

1.22 exp

0% quenching error

® Wilson tmQCD at /2
O NP O(a) improved Wilson | 7

m,” [GeV']-

1 I 1
1.2 1.4 1.6

mp = 270 MeV mn = 550 MeV

XLF K. Jansen et al. JHEP09(2005)07 1 Alpha J. Garden et al. Nucl.Phys.B571(2000)237



fk: recent unquenched results

Using staggered fermions with Ny = 2 the MILC collaboration reports:

MILC C.Bernard et al. PoS(LAT2006) 163
four lattice spacings 0.06 fm < a < 0.12 fm enable control of continuum limit

lattice volumes adequate at 2 fm < L < 2.4 fm
with staggered no axial current normalization Za needed

light quark masses (sea) mg~ || MeV (m;~ 240 MeV)
strange quark masses mg ~ 490 MeV

each physical flavour accompanied by 3 “tastes”; determinant rooting !!

fr 128.6 +0.4 + 3.0 MeV

fre 155.3 +0.4 +3.1 MeV

fK .
s 1.208 +0.02 507

fr B




fk: recent unquenched results

Using staggered fermions with Ny = 2 the MILC collaboration reports:

MILC C.Bernard et al. PoS(LAT2006) 163
four lattice spacings 0.06 fm < a < 0.12 fm enable control of continuum limit

lattice volumes adequate at 2.4 fm <L < 2 fm
with staggered no axial current normalization Za needed

light quark masses (sea) mg~ || MeV (m;~ 240 MeV)
strange quark masses mg ~ 490 MeV

each physical flavour accompanied by 3 “tastes”; determinant rooting !!

1.208 +0.02 507

statistical




fk: recent unquenched results

Using staggered fermions with Ny = 2 the MILC collaboration reports:

MILC C.Bernard et al. PoS(LAT2006) 163
four lattice spacings 0.06 fm < a < 0.12 fm enable control of continuum limit

lattice volumes adequate at 2.4 fm <L < 2 fm
with staggered no axial current normalization Za needed

light quark masses (sea) mg~ || MeV (m;~ 240 MeV)
strange quark masses mg ~ 490 MeV

each physical flavour accompanied by 3 “tastes”; determinant rooting !!

128.6 =0.4
155.3 =04

1.208 +0.02 507

systematic




fk: recent unquenched results

Using staggered fermions with Ny = 2 the MILC collaboration reports:
MILC C.Bernard et al. PoS(LAT2006) 163

‘?—K 1.208 +0.02 *%]

— T UV

s |V = 0.2223(F29)

W,J. Marciano Phys. Rev. Lett.93(2004)231803

Particle Data Group 2006 > VuS — 02257 (21)




fk: recent unquenched results

Using DW fermions with Ny = 2+ the RBC-UKQCD collaboration reports:
RBC-MILC C.Allton et al. hep-lat/0701013

® one lattice spacing a ~ 0.12 fm (the coarsest MILC); one lattice volume L ~ 2 fm

® with DW (Ls = 16) good chirality (?); axial current normalization Z4 present

® light quark masses (sea) 0.33 ms < my < 0.85 ms;and ms physical

fK 127 +4 MeV
fw 157 £ 5 MeV
fx
fr

1.24 4 0.02




fk: recent unquenched results

Using DW fermions with Ny = 2+ the RBC-UKQCD collaboration reports:
RBC-MILC C.Allton et al. hep-lat/0701013

® one lattice spacing a ~ 0.12 fm (the coarsest MILC); one lattice volume L ~ 2 fm

® with DW (Ls = 16) good chirality (?); axial current normalization Z4 needed

® light quark masses (sea) 0.33 ms < my < 0.85 ms;and ms physical

fK 127( £+ 4 )MeV —> statistical
fw 157 £5 MeV

Jx
S

1.24 4 0.02




fk: recent unquenched results

Using DW fermions with Ny = 2+ the RBC-UKQCD collaboration reports:
RBC-MILC C.Allton et al. hep-lat/0701013

® one lattice spacing a ~ 0.12 fm (the coarsest MILC); one lattice volume L ~ 2 fm

® with DW (Ls = 16) good chirality (?); axial current normalization Z4 needed

® light quark masses (sea) 0.33 ms < my < 0.85 ms;and ms physical

fK 127 +4 MeV
fw 157 &5 MeV
fx
fr

1.24 4 0.02

Exotic alternatives: staggered sea with DWV valence! f_K _ 1918 4+ 0.002 0011
NPLQCD S.R.Beane et al. hep-1at/0606023 fr ' ' —0.024




fk: recent unquenched results

Using DW fermions with Nf = 2+ the RBC-UKQCD collaboration reports:

RBC-MILC C.Allton et al. hep-lat/0701013

® one lattice spacing a ~ 0.12 fm (the coarsest MILC); one lattice volume L ~ 2 fm

® with DW (Ls = 16) good chirality (?); axial current normalization Z4 needed

® light quark masses (sea) 0.33 ms < my < 0.85 ms;and ms physical

Fc 127 -

-4 MeV

£ 157 -
fr
I

1.24 4 0.02

=5 MeV statistical
ﬁ

Exotic alternatives: staggered sea with DWV valence! f_K — 1918(E 0.002 +8:85411

NPLQCD S.R.Beane et al. hep-lat/0606023 fr




fk: recent unquenched results

Using DW fermions with Nf = 2+ the RBC-UKQCD collaboration reports:
RBC-MILC C.Allton et al. hep-lat/0701013

® one lattice spacing a ~ 0.12 fm (the coarsest MILC); one lattice volume L ~ 2 fm

® with DW (Ls = 16) good chirality (?); axial current normalization Zx needed

® light quark masses (sea) 0.33 ms < my < 0.85 ms;and ms physical

fK 127 +4 MeV

fw 157 £5 MeV systematic

fic r
— 1.24 4 0.02
fr

Exotic alternatives: staggered sea with DWV valence! f_K — 1918 + 0.002@

NPLQCD S.R.Beane et al. hep-lat/0606023 fr




fr: recent unquenched results

Using tmQCD fermions with Nt = 2 the ETM-Collaboration reports:
ETMC Ph. Boucaud et al. hep-1at/0701012

one lattice spacing a ~ 0.1 fm (the coarsest MILC); one lattice volume L ~ 2.4 fm

light quark masses (sea) 300 MeV < m;< 550 MeV
no axial current (and no Z,) is needed, due to tmQCD Ward identity
due to tmQCD @ twist angle & = 11/2, we have automatic O(a) improvement

0.09 ————————
_(afps)

fr = 121.3 + 0.7

fit to 5 points
fit to 4 points




fp: recent quenched results

Using W-Clover fermions the Alpha collaboration reports:

Alpha A.Juttner and |. Rolf Phys.Lett.B560(2003)59

® four lattice spacings 0.04 fm < a < 0.09 fm ; lattice volume L ~ [.5 fm

® O(a)-improvement, renormalization etc well under control

/b,

202 -

- 9MeV

PDG 2002

= 0.638(24)

1 I 1 1 1 1 I 1 1 1 1

= 285 £ 19 =40 MeV

0.01 0.02

(a/ry)?




fo - fa: recent quenched results

Using W-Clover fermions a Rome 2 collaboration reports:

G.M. de Divitiis et al. Nucl.Phys.B672(2003)372

® finite volume step scaling method L ~ 0.4,0.8, 1.6 fm

® several lattice spacings 0.06 < a < 0.13 control continuum limit

® compute SSF around the charm quark mass, extrapolate it to bottom region

fp. = 240 £ 5 +5 MeV
fB. = 192 + 6 +4 MeV




fo - fa: recent quenched results

Using W-Clover fermions a Rome 2 collaboration reports:

G.M. de Divitiis et al. Nucl.Phys.B672(2003)372

® finite volume step scaling method L ~ 0.4,0.8, 1.6 fm

® several lattice spacings 0.06 < a < 0.13 control continuum limit

® compute SSF around the charm quark mass, extrapolate it to bottom region

statistical




fo - fa: recent quenched results

Using W-Clover fermions a Rome 2 collaboration reports:

G.M. de Divitiis et al. Nucl.Phys.B672(2003)372

® finite volume step scaling method L ~ 0.4,0.8, 1.6 fm

® several lattice spacings 0.06 < a < 0.13 control continuum limit

® compute SSF around the charm quark mass, extrapolate it to bottom region

st 240 5 eV
IB. 192 0 MeV

systematic




fo - fa: recent quenched results

Using W-Clover fermions the Alpha collaboration reports:

Alpha |. Heitger et al. Phys.Lett.B581(2004)93

® finite volume step scaling method for NP renormalization for static case

® compute fp around the charm quark mass, fz-static and INTERPOLATE for fs

F, = 206(10) MeV

B




fo - fa: recent quenched results

Using W-Clover fermions the Alpha/Rome 2 collaboration reports:

D.Guazzini, R.Somer, N.Tantalo PoS(Lat2006)084

combination of methods and data

compute step scaling function around the charm quark mass and in the static
limit; then INTERPOLATE for step scaling function in bottom

use these step scaling functions and finite volume Rome 2 method to get f3

fBS = 191 = 6 MeV




fp: recent quenched results

Using DVV fermions the RBC collaboration reports:
H.W. Lin et al., Phys.Rev.D749(2006)114506

one lattice spacing a ~ 0.065 fm and one volume L ~ |.6 fm

quark mass range ms/4 < mq < S5ms/4

st = 204 £ 4 £ 12 MeV

T.W.Chiu, Phys.Lett.B624(2005)31
one lattice spacing a ~ 0.09 fm

thirty quark masses ranging 70 MeV < mq < /80 MeV

fDS = 2066 £ 10 £ 18 MeV




fo - fs : recent unquenched result

FNAL/MILC collaboration reports at Nf = 2+1:
C.Bernard et al., POS(LAT2006)094

® staggered light quarks with Fermilab heavy quarks

® three lattice spacings a ~ 0.09 fm, 0.12 fm, 0.15 fm

® work in progress

fp. = 249 £ 3 + 16 MeV
st = 282 + 16 £ 7 MeV

/B,
fp.

= 0.99 = 0.02 =0.06




fo - fs : summary

T. Onogy PoS(LAT2006)017

T | T T
| T T T | T T T Nf:O
— JE.QCD(1999 —A—/
N 0 Cogins e(t al. 2)000 —A—
CP-PACS(2001)

FN[L(I%S) —o— FNAL(1998)
CP-PACS(2001) | o MILC(1998)
CP-PACS(2000)

MILC(2002) ~ F—O— Becirevic et al.(1998)
Becirevic et al.(1998) —H— Lellouch-Lin(2000) |
Lellouch-Lin(2000) |—3— Becirevic et al.(2000)
Becirevic et 31(2000) = de Divitiis et al(2003)
de Divitiis et al.(2003) | Alpha(2003) v
' Guzziani et al.

Alpha(2003) o
N =2
f

]Yf:Z CP-PACS(2000)
CP-PACS(2001) ; o JLQCD(2003)
MILC(2002) —o— (Ii/l;—féég (()22())01 )
N=2+1

] N f:2+]

Alibin et al. (2005) —e—
HRQCD(2003 .
| | | | | | | | | | | | | | | | L ]TQ L ( L )l L L L | L L L |
120 160 200 240

160 200 240
f, [MeV] fBS [MeV]

® due to step scaling function methods, quenched Wilson results are the best

® unquenched results suggest a 10-15% increase in the fg values

® all error bars are not equally reliable; all results are not on equal footing







AS=2 transitions: €k

indirect CP-violation

€x = A[KL — (7‘(‘7’(‘)[:0]
A Kg — (mm)1—0]

= [2.282(17) x 10~ ?] exp(im/4)

can also be expressed in terms of K°- K% mixing
dominant EW process is FCNC (2 W exchange)

lex| ~ Ce Bk Im{V;;Vis } {Re{VZ;Ves i So(xc) — 113 So(xe, x¢)] — Re{ V5 Vis 112 So (x¢)]}

% s u,c,t d %
%% W
% d u,c,t Ry %




AS=2 transitions: €k

indirect CP-violation

A[KL — (7‘(‘7’(‘)[:0]
A Kg — (mm)1—0]

CEK —

= [2.282(17) x 10~ ?] exp(im/4)

can also be expressed in terms of K°- K% mixing
dominant EW process is FCNC (2 W exchange)

lex| =~ Ce Bk Im{V;;Vis } {Re{ V3 Ves 1 So(xc) — 113 So(xe, xt)] — Re{ Vi Vis b2 So(xt)] }
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AS=2 transitions: €k

indirect CP-violation

€x = A[KL — (7‘(‘7’(‘)[:0]
A Kg — (mm)1—0]

= [2.282(17) x 10~ ?] exp(im/4)

can also be expressed in terms of K°- K% mixing
dominant EVV process is FCNC (2 W exchange)

lex| ~ Ce Bk Im{V;;Vis } {Re{ Vi Ves i So(xc) — 113 So(xe, x¢)] — Re{ Vi3 Vis 172 So

known functions from E
calculation (no QCD)

T = m%/MVQV




AS=2 transitions: €k

indirect CP-violation

€x = A[KL — (7‘(‘7’(‘)[:0]
A Kg — (mm)1—0]

= [2.282(17) x 10~ ?] exp(im/4)

can also be expressed in terms of K°- K% mixing
dominant EVV process is FCNC (2 W exchange)

lex| ~ Ce Bk Im{V;;Vis } {Re{VZ;Ves i So(xc) — 113 So(xe, x¢)] — Re{ V5 Vis 112 So (x¢)]}

from NLO PT (with QCD)




AS=2 transitions: €k

indirect CP-violation

€x = A[KL — (7‘(‘7’(‘)[:0]
A Kg — (mm)1—0]

= [2.282(17) x 10~ ?] exp(im/4)

can also be expressed in terms of K°- K% mixing
dominant EVV process is FCNC (2 W exchange)

lex| ~ Ce Bk Im{V;;Vis } {Re{VZ;Ves i So(xc) — 113 So(xe, x¢)] — Re{ V5 Vis 112 So (x¢)]}

| :

long distanc@

<KO|OASZZ\KO>
812 14,2
s b my

% s u,c,t d
%74 %74
% d u,c,t Ry

By —




AS=2 transitions: €k

indirect CP-violation

€x = .A[KL — (7‘(‘7’(‘)[:0]
A Kg — (mm)1—0]

= [2.282(17) x 10~ ?] exp(im/4)

can also be expressed in terms of K°- K% mixing
dominant EVV process is FCNC (2 W exchange)

lex| ~ Ce Bk Im{V;;Vis } {Re{VZ;Ves i So(xc) — 113 So(xe, x¢)] — Re{ V5 Vis 112 So (x¢)]}

|

long distanc@ Put in NLO PT + Cabibbo angle + A + m(:

—— (1.4 — 6) B =~ 0.40
<KO|OASZZ\KO> i p) Bx

By —

812 .. 2
3 b my




AS=2 transitions: €k

2.282(17) x 1073 ¢/™/4




Bk — a renormalisation classic

In the presence of explicit chiral symmetry breaking four-fermion operators
of different chiralities mix under renormalisation.

Martinelli 1984; Bernard, Draper, (Hockney), Soni 1987,
1998; Gupta et al. 1993; Donini et al. 1999

072 = [(57,,d) (57ud) + (F7uysd) (7v54)] — [(57ud) (57, 75d) + (37754) (57, )]

-’ - -’

VY Vs

OvViAA Ova+av




Bk — a renormalisation classic

In the presence of explicit chiral symmetry breaking four-fermion operators
of different chiralities mix under renormalisation.

Martinelli 1984; Bernard, Draper, (Hockney), Soni 1987,
1998; Gupta et al. 1993; Donini et al. 1999

072 = [(57,,d) (57ud) + (F7uysd) (7v54)] — [(57ud) (57, 75d) + (37754) (57, )]

-’ - -’

VY Vs

OvViAA Ova+av

4
Ovviaa = 611111(1) Zyvian (86, am) |Ovviaa(a) + Y Ax(85)O0k(a)
- k=1




Bk — a renormalisation classic

In the presence of explicit chiral symmetry breaking four-fermion operators
of different chiralities mix under renormalisation.

Martinelli 1984; Bernard, Draper, (Hockney), Soni 1987,
1998; Gupta et al. 1993; Donini et al. 1999

072 = [(57,,d) (57ud) + (F7uysd) (7v54)] — [(57ud) (57, 75d) + (37754) (57, )]

-’ - -’

VY Vs

OvViAA Ova+av

4
Ovviaa = 611111(1) Zyvian (86, am) |Ovviaa(a) + Y Ax(85)O0k(a)
- k=1

Vanishes if chiral symmetry is preserved
(at least partially)




Bx — a renormalisation classic

In the presence of explicit chiral symmetry breaking four-fermion operators
of different chiralities mix under renormalisation.

Martinelli 1984; Bernard, Draper, (Hockney), Soni 1987,
1998; Gupta et al. 1993; Donini et al. 1999

072 = [(57,,d) (57ud) + (F7uysd) (7v54)] — [(57ud) (57, 75d) + (37754) (57, )]

Ovviaa Ova+Av

4
Ovviaa = lelII(l) Zyvian (86, am) |Ovviaa(a) + Y Ax(85)O0k(a)
- k=1

Vanishes if chiral symmetry is preserved
(at least partially)

Vanishes for staggered, GV, DW fermions




Bk — a renormalisation classic

In the presence of explicit chiral symmetry breaking four-fermion operators
of different chiralities mix under renormalisation.

Martinelli 1984; Bernard, Draper, (Hockney), Soni 1987,
1998; Gupta et al. 1993; Donini et al. 1999

072 = [(57,,d) (57ud) + (F7uysd) (7v54)] — [(57ud) (57, 75d) + (37754) (57, )]

-’ - -’

VY Vs

OvViAA Ova+av

4
Ovviaa = 611111(1) Zyvian (86, am) |Ovviaa(a) + Y Ax(85)O0k(a)
- k=1

Ovatav = lelgcl) Zyasav (85, am) Ovarav(a)

Protected from mixing by discrete symmetries C P S(s < d)




Bk — a renormalisation classic
Subtractions flaw the quality of Wilson fermion results

L. Lellouch Nucl.Phys.Proc.Suppl.94(2001)142

@ DW—PT (CP—PACS)
= DW—NP (RBC)

A DW-NP (BS)

O KS—PT (JLQCD)

o KS—PT (KGS

0 KS—PT (0OSU) O N,=3

A KS—PT (KSGP)

* Wil—-WI (JLQCD)

%* SW—PT (UKQCD) —

x SW—NP APE;

— Wil-PT (BGS

T

=
)
@)
© 0.8
o
[a]
Z X
M

o O
o @ o
I....Illllil

o) 0.05 0.1 0.15
a [fm]




Getting rid of mixing

® Straightforward option: preserve chiral symmetry — possibly exactly.

® Wilson |: axial Ward identity (3-point function with Ovv+aa — 4-point
function with Ova+av)

D.Becirevic et al. Phys.Lett.B487(2000)74; Eur.Phys.].C37(2004)3 15

<K’ 60g |K'> = <K Ogl0,A,—2mP]|K° >

M standard

5OR — [OVV_|_AA] R 1.20 @ w/o subtractions

Ovatav)r Mk

$—

2 i
1.00 -

0.90 |

O subtractions traded off for fluctuations e




ArpHa quenched computation of Bg

Collaboration
Guagnelli, Heitger, Pena, Sint, A.V.JHEP 03 (2006) 088
Palombi, Pena, Sint JHEP 03 (2006) 089
Dimopoulos, Heitger, Palombi, Pena, Sint, A.V. NPB 749 (2006) 69

tmQCD — no operator mixing (no exceptional configurations).

SF non-perturbative renormalisation.

Various physical volumes: check control of finite volume effects.

Two different regularisations: check control of the continuum limit.

N.B.: action is O(a) improved, but four-fermion operator is not = continuum
limit approached linearly in a.




Approach to continuum: non-perturbative renormalisation
ALPHA, Guagnelli et al.,JHEP 03 (2006) 088 ALPHA, Palombi et al., JHEP 03 (2006) 089
® SF technique via finite size scaling: split renormalisation into

O Renormalisation at a low, hadronic scale where contact with typical large-
volume values of B is made.

O NP running to very high scales (~100 GeV) where contact with PT is
made.

I T T TTTI I IIIIIIII I IIIIIIII

SF, scheme, N,=0

1-loop v, 2—loop B
2—loop v, 3—loop B

IIIIIIIIIIIIIIIIIIIIIIIII
I I I |

| llllllll | llllllll | llllllll

10 100 1000
w/ A




Comparison with quenched literature

[ L L [
- RBC 05
. CP-PACS 01

Bx = 0.735(71)

B¥5(2 GeV) = 0.534(52)

ALPHA 06 Difference with other Wilson fermion

SPQ. R 04 computations mainly due to method
CD

SPQ.,R 00 employed to extract Bk.

3ol Lee et al 04
—— JLQCD 97

lllllllllllll
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Comparison with quenched literature

C. Pena, PoS(Lat2006)019

T 1T 1 I T 1 T
- RBC 05
L CP-PACS 01

ALPHA 06

SPQ.,R 04
SPQ.,R 00

P Lee et al 04
F—— JLQCD 97

lllllllllllll

0.6 0.8 1
B

K



Recent unquenched result
RBC & UKQCD D.J.Antonio et al hep-ph/0702042

DW computation, Nr=2+1;a = 0.12 fm B?(QGQV) = 0.557(12)(16)

Comparlson of Lattlce QCD Measurements of Bk
0.8

P Imp.Stag. (HPQCD/UKQCD)
‘0 2f DWF DBW2 (RBC)

+O 2f Clover Wilson (UKQCD)

'0 0f DWF DBW2 (RBC)

EO Of Twisted Mass (Alpha)

» @ Of Overlap Wilson (MILC)

1 0f DWF lwasaki (CP—PACS)

' A Of Staggered (JLQCD) A

“"—“5
J

- 2+1f DWF Iwasaki 16° (RBC/UKQCD) 7




Bk summary

collaboration Bx
JLQCDI7 [12] 0.868(59
Becirevic00 [20] 1.01(9
CP-PACSO01 [13] 0.795(29
SPQCDRO02 [10] 0.91(9
BosMar03 [14] 0.87(
MILCO03 [15] 0.79(
Babich06 [16] 0.79(
ALPHAO6 [18] 0.735(7
RBCO03 [21] 0.697(3
UKQCDO04 [19] 0.67(1
SPQCDRO05 [11] 1.02(2
RBCO05 [17] 0.78(
RBC-UKQCDO06 [22] 0.778(3 2+1
HPQCD-UKQCDO06 [23] 0.85(1 2+1

N.Tantalo, CKM2006, hep-ph/0703241

th\Dl\Dl\DOOOOOOOO“h2

averaging is difficult: different groups use different approaches which suffer from
different systematics

keep only the latest unquenched results from each group (unless they change

Nr etc.)
= 0.78 = 0.02 = 0.09

A




Bk summary

collaboration Bx
JLQCDI7 [12] 0.868(59
Becirevic00 [20] 1.01(9
CP-PACSO01 [13] 0.795(29
SPQCDRO02 [10] 0.91(9
BosMar03 [14] 0.87(
MILCO03 [15] 0.79(
Babich06 [16] 0.79(
ALPHAO6 [18] 0.735(7
RBCO03 [21] 0.697(3
UKQCDO04 [19] 0.67(1
SPQCDRO05 [11] 1.02(2
RBCO05 [17] 0.78(
RBC-UKQCDO06 [22] 0.778(3 2+1
HPQCD-UKQCDO06 [23] 0.85(1 2+1

N.Tantalo, CKM2006, hep-ph/0703241

th\Dl\Dl\DOOOOOOOO“h2

averaging is difficult: different groups use different approaches which suffer from
different systematics

keep only the latest unquenched results from each group (unless they change

Nr etc.) N
Br = 0.78 &£ 0.02 = 0.09

weighted average




Bk summary

collaboration Bx
JLQCDI7 [12] 0.868(59
Becirevic00 [20] 1.01(9
CP-PACSO01 [13] 0.795(29
SPQCDRO02 [10] 0.91(9
BosMar03 [14] 0.87(
MILCO03 [15] 0.79(
Babich06 [16] 0.79(
ALPHAO6 [18] 0.735(7
RBCO03 [21] 0.697(3
UKQCDO04 [19] 0.67(1
SPQCDRO05 [11] 1.02(2
RBCO05 [17] 0.78(
RBC-UKQCDO06 [22] 0.778(3 2+1
HPQCD-UKQCDO06 [23] 0.85(1 2+1

N.Tantalo, CKM2006, hep-ph/0703241

th\Dl\Dl\DOOOOOOOO“h2

averaging is difficult: different groups use different approaches which suffer from
different systematics

keep only the latest unquenched results from each group (unless they change

Nr etc.)
= 0.78 = 0.02 = 0.09

semi-dispersion

A




Bk summary

collaboration Bx
JLQCDI7 [12] 0.868(59
Becirevic00 [20] 1.01(9
CP-PACSO01 [13] 0.795(29
SPQCDRO02 [10] 0.91(9
BosMar03 [14] 0.87(
MILCO03 [15] 0.79(
Babich06 [16] 0.79(
ALPHAO6 [18] 0.735(7
RBCO03 [21] 0.697(3
UKQCDO04 [19] 0.67(1
SPQCDRO05 [11] 1.02(2
RBCO05 [17] 0.78(
RBC-UKQCDO06 [22] 0.778(3
HPQCD-UKQCDO06 [23] 0.85(1

N.Tantalo, CKM2006, hep-ph/0703241

th\Dl\D[\DOOOOOCDOO“h2

\}
¥
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® compare to result obtained fom UT-fit: Brp = 0.68 -

A

B =




Be summary

Bp(mp)
0.91(6)
0.93(10)
0.87(6)
0.84(6)
)

)

collaboration Bg, (mp
UKQCDO0 [32] 0.90(
APE00 [33] 0.92(
SPQCDRO1 [34] 0.87(
JLQCDO2 [35] 0.86(
JLQCDO3 [36] 0.850(6
Gadiyak05 [50] 0.864(7
HPQCD06 [37] 0.76(1

N.Tantalo, CKM2006, hep-ph/0703241

0.836(68
0.812(82

O = O O J
N NN NS AN AN N2
W DO O O 03

more difficult computation; thus less data

averaging is difficult: different groups use different approaches which suffer from
different systematics

keep only the latest unquenched results from each group (unless they change
Nr etc.)

A A

Bp,(my) = 0.84 £ 0.03 £ 0.05  Bp. (my) = 0.83 £ 0.01 + 0.06




Be summary

Bp(mp)
0.91(6
0.93(10
0.87(6
0.84(6
0.836(68
0.812(82

collaboration Bg, (mp
UKQCDO0 [32] 0.90(
APE00 [33] 0.92(
SPQCDRO1 [34] 0.87(
JLQCDO2 [35] 0.86(
JLQCDO3 [36] 0.850(6
Gadiyak05 [50] 0.864(7
HPQCD06 [37] 0.76(1

Ny

) 0

) 0
g 8 N.Tantalo, CKM2006, hep-ph/0703241

) 2

) 2

3

O = O O J
[ —

Wilson-clover action
no static point

more difficult computation; thus less data

averaging is difficult: different groups use different approaches which suffer from
different systematics

keep only the latest unquenched results from each group (unless they change
Nr etc.)

A A

Bp,(my) = 0.84 £ 0.03 £ 0.05  Bp. (my) = 0.83 £ 0.01 + 0.06




Be summary

Bp(mp)
0.91(6)
0.93(10)
0.87(6)
0.84(6)
)

)

collaboration Bg, (mp
UKQCDO0 [32] 0.90(
APE00 [33] 0.92(
SPQCDRO1 [34] 0.87(
JLQCDO2 [35] 0.86(
JLQCDO3 [36] 0.850(6
Gadiyak05 [50] 0.864(7
HPQCD06 [37] 0.76(1

N.Tantalo, CKM2006, hep-ph/0703241

0.836(68
0.812(82

O = O O J
N NN NS AN AN N2
Wi DO O O 03

Wilson-clover action
static point

more difficult computation; thus less data

averaging is difficult: different groups use different approaches which suffer from
different systematics

keep only the latest unquenched results from each group (unless they change
Nr etc.)

A A

Bp,(my) = 0.84 £ 0.03 £ 0.05  Bp. (my) = 0.83 £ 0.01 + 0.06




Be summary

Bp(mp)
0.91(6)
0.93(10)
0.87(6)
0.84(6)
)

)

collaboration Bg, (mp
UKQCDO0 [32] 0.90(
APE00 [33] 0.92(
SPQCDRO1 [34] 0.87(
JLQCDO2 [35] 0.86(
JLQCDO3 [36] 0.850(6
Gadiyak05 [50] 0.864(7
HPQCD06 [37] 0.76(1

N.Tantalo, CKM2006, hep-ph/0703241

\ Wilson-clover action

NRQCD

0.836(68
0.812(82

O = O O J
[ —

more difficult computation; thus less data

averaging is difficult: different groups use different approaches which suffer from
different systematics

keep only the latest unquenched results from each group (unless they change
Nr etc.)

A A

Bp,(my) = 0.84 £ 0.03 £ 0.05  Bp. (my) = 0.83 £ 0.01 + 0.06




Be summary

Bp(mp)
0.91(6)
0.93(10)
0.87(6)
0.84(6)
)

)

collaboration Bg, (mp
UKQCDO0 [32] 0.90(
APE00 [33] 0.92(
SPQCDRO1 [34] 0.87(
JLQCDO2 [35] 0.86(
JLQCDO3 [36] 0.850(6
Gadiyak05 [50] 0.864(7
HPQCD06 [37] 0.76(1

N.Tantalo, CKM2006, hep-ph/0703241

\ Wilson-clover action

NRQCD

0.836(68
0.812(82

O = O O J
N NN NS AN AN N2
W DO O O 03

more difficult computation; thus less data

averaging is difficult: different groups use different approaches which suffer from
different systematics

keep only the latest unquenched results from each group (unless they change
Nr etc.)

A A

Bp,(my) = 0.84 £ 0.03 £ 0.05  Bp. (my) = 0.83 £ 0.01 + 0.06




Be summary

Bp(mp)
0.91(6)
0.93(10)
0.87(6)
0.84(6)
)

)

collaboration Bg, (mp
UKQCDO0 [32] 0.90(
APE00 [33] 0.92(
SPQCDRO1 [34] 0.87(
JLQCDO2 [35] 0.86(
JLQCDO3 [36] 0.850(6
Gadiyak05 [50] 0.864(7
HPQCD06 [37] 0.76(1

N.Tantalo, CKM2006, hep-ph/0703241

\ GWV fermions

static

0.836(68
0.812(82

O = O O J
[ —

more difficult computation; thus less data

averaging is difficult: different groups use different approaches which suffer from
different systematics

keep only the latest unquenched results from each group (unless they change
Nr etc.)

A A

Bp,(my) = 0.84 £ 0.03 £ 0.05  Bp. (my) = 0.83 £ 0.01 + 0.06




Be summary

Bp(mp)
0.91(6)
0.93(10)
0.87(6)
0.84(6)
)

)

collaboration Bg, (mp
UKQCDO0 [32] 0.90(
APE00 [33] 0.92(
SPQCDRO1 [34] 0.87(
JLQCDO2 [35] 0.86(
JLQCDO3 [36] 0.850(6
Gadiyak05 [50] 0.864(7
HPQCD06 [37] 0.76(1

N.Tantalo, CKM2006, hep-ph/0703241

0.836(68
0.812(82

O = O O J
[ —

staggered action

™~ NRQCD

more difficult computation; thus less data

averaging is difficult: different groups use different approaches which suffer from
different systematics

keep only the latest unquenched results from each group (unless they change
Nr etc.)

A A

Bp,(my) = 0.84 £ 0.03 £ 0.05  Bp. (my) = 0.83 £ 0.01 + 0.06




Semileptonic decays

K—=mlv
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K — 7t | v decays

decay rate
G2
F

5- 2- 2- 2- .
= o [V €2 (O 1+ (14 )

gives the combination
Vsl f4(0) = 0.2173 £+ 0.0008

Cabibbo angle requests knowledge of f+(0) with accuracy within [%

it is a form factor of the neutral Kaon decay:

< 7 (pr) 1570w |K(pr) > = (pr+0K)p [+(07) +qu f-(47) 4= PK — Px

in principle one uses above to extract the form factors at several momenta
transfers and extrapolate to the g = 0 point (using various Ansatze)

NB: on the lattice momenta are discretized and only the low ones (p = 0, 211/L)
are useful (higher ones introduce fluctuations, unwanted systematic effects etc.)

the requested high accuracy requires use of “clever” ratios of correlation
functions, in order to cancel fluctuations, unwanted chiral effects etc.



K — 7t | v decays

recent accurate quenched result D. Becirevic et al., Nucl.Phys.B705(2005)339

one lattice spacing a = 0.066 fm, several masses and momenta

f+(0) = 0.960 4+ 0.005 + 0.007

encouraging comparison with XPT calculation
H. Leutwyler & M.Roos, Z.Phys. C25 (1984) 91

F+(0) = 0.961 =+ 0.008

unquenched computations have begun:

® DWW fermions, N,=2,a=0.12 fm, L= 1.9 fm

RBC Collab. C. Dawson et al., Phys.Rev. D74 (2006) | 14502




K — 7t | v decays

recent accurate quenched result

one lattice spacing a = 0.066 fm, several masses and momenta

f+(0) = 0.960 4+ 0.005 + 0.007

encouraging comparison with XPT calculation
H. Leutwyler & M.Roos, Z.Phys. C25 (1984) 91

F+(0) = 0.961 =+ 0.008

unquenched computations have begun:
® Clover-Wilson fermions, Nr=2,a = 0.09 fm, L = |.8 fm

® improved action but not operator (current)

JLQCD Collab. N.Tsutsui et al., PoS LAT2005 357




K — 7t | v decays

recent accurate quenched result

one lattice spacing a = 0.066 fm, several masses and momenta

f+(0) = 0.960 4+ 0.005 + 0.007

encouraging comparison with XPT calculation
H. Leutwyler & M.Roos, Z.Phys. C25 (1984) 91

F+(0) = 0.961 =+ 0.008

unquenched computations have begun:

® Nr= 2+] staggered light quarks, Clover-Wilson strange

HPQCD/FNAL/MILC Collab. M.Okamoto hep-lat/04 12044




K — 7t | v decays

recent accurate quenched result

one lattice spacing a = 0.066 fm, several masses and momenta

f+(0) = 0.960 4+ 0.005 + 0.007

encouraging comparison with XPT calculation
H. Leutwyler & M.Roos, Z.Phys. C25 (1984) 91

F+(0) = 0.961 =+ 0.008

unquenched computations have begun:

collaboration f+(0)
RBC 0.968(9)(6) (Np = 2)
HPQCD/FNAL | 0.962(6)(9) (Ny =2+ 1)
JLQCD 0.952(6)(—) (Np =2)




B — 7| v decays
similar approach reviewed by T.Onogi, PoS(LAT2006)017

the physics: 1 dr _ G2
‘Vub’2 dq2 2453

kP £

the form factors:

i R m2 — m2
(k)| @y blB(pp)) = £ (67) | (Pp k) = =2 g |+ £0(q) = !

unquenched Nr=2+| computations have begun:
® FNAL/MILC: M.Okamoto et al., Nucl.hys.B(PS) 140(2005)46 1
® staggered light flavours, HQET (Fermilab) heavy flavours

® HPQCD/MILC: E.Gulez et al., Phys.Rev.D73(2006)074502

® staggered light flavours, NRQCD heavy flavours



B — 7| v decays
® similar approach reviewed by T.Onogi, PoS(LAT2006)017

® the physics: I dr G2
Vip|> dg*> 243

kxP1£ (@)

® the form factors:

() " 01B(pa) = 1 @) | (-t k)~

® unquenched Nf=2+| computations have begun:

® FNAL/MILC: HQET (Fermilab) heavy flavours

Vup| = [3.76 £ 0.25 £ 0.65] x 10~°
® HPQCD/MILC: NRQCD heavy flavours

Vs = [4.2240.30£0.51] x 1072

® NB:same light quark ensemble







K— 1t decays in a nutshell

® If CPis conserved the eigenstates of the Hamiltonian are |Ki) =
CP violation in the SM leads to mixing:

1

V14 |E]2

(IK1) +EKz)) |Kp) =

® CP violation parameters accessible via decay amplitudes into two pions:

—iT[KO — (7(7()[] = A[ ei‘SI T[(T(Tl’)[ — (7(71?)[]1:0 = 2€i51 sin§1

_el

(6, —00+77/2) ReAz (ImAz ImA())
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K— 1t decays in a nutshell

Experiment:
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The AI=1/2 rule for kaon decays

T(K — (tm)y) = iAaei(S“, I ‘AO/A2| — 22.1

Bulk of enhancement in the SM must come from long-distance strong

interaction effects .. Gaillard & Lee, PRL 33 (1974) 108
Altarelli & Maiani, PLB 52 (1974) 351

... that have to be addressed non-perturbatively.

Cabibbo, Martinelli & Petronzio, NPB 244 (1984) 381
Brower, Maturana, Gavela & Gupta, PRL 53 (1984) 1318

Lattice QCD studies hampered by no-go theorems on chiral fermions and
multiparticle decays, almost no activity in the ‘90s.

Theoretical breakthroughs in late ‘90s (mainly chiral lattice fermions) have led
to a renewed interest and some “rough” lattice results.

CP-PACS & RBC Collaborations

Still far from having an understanding of the mechanism(s) behind the
enhancement.




Effective Weak Hamiltonian

A(i — f) ~ (f|H i)

Hy' = fok Veron) Cr(/ My ) O (1)
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Composite operators — low energy (hadronic) scales




Effective Weak Hamiltonian
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CKM parameters
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Effective Weak Hamiltonian

A(i — f) ~ (f|H |i)

Hy' = f =Y fi(Verm) Ce (i / My ) O (1)

With an active charm quark (CP-violating effects neglected):

Hy = 2“;‘; (Vis)*(V, )E (k07 + k5 Q,)

Qli = (yulP-u) @y, P-d)£(5yuP-d) (v, P-u) — [u — c|

Q, = (mi —m2) {my(5P+d) + ms(3P_d)}

Ql transform according to irreps of d=84 (+) and d=20 (-) of SU(4).
Q2 do not contribute to the physical K—rt transition.




Effective Weak Hamiltonian

Al — f) ~ (f|H i)

Hy' = fok Vi) Ce (#/ My ) O ()

With an active charm quark (CP-violating effects neglected):

gW o 0' o
HW — Vus u k k

Qli = (yulP-u) @y, P-d)£(5yuP-d) (v, P-u) — [u — c|

Q, = (mi —m2) {my(5P+d) + ms(3P_d)}

(+): AI=3/2, 112 () Al@




Effective Weak Hamiltonian

Hy, = Z(Ig\/vlvz (Vus ud Z {kUQU‘I‘kUQZ}

= (8yuP_u)(iy,P-d)+=(5y,P_d)(dy,P-u) — [u — c

Q, = (m% — m?) {my(sPyd) + ms(5P_d)}

kT (Mw) {(7r7) =0/ Q7 IK) ki (Myy)

K (Mw) ((771) 1=2| Q7 1K) K (M) =28 ~0(1)

Enhancement dominated by matrix elements of effective interaction vertices
(long-distance regime of the strong interaction).

Well, let’s compute the matrix elements ...




A tale of various scales

N =
Hsm — HALfs:ﬁ = V2GrVVua(k1Q+ + k-Q-)

Q+ = [EU]V_A[T_LCZ]V_A + [Ed]V_A[ﬂu]V_A — (u — C)

SU(4)L X SU(4)R Q+ —> (84, 1) Q_ —> (20, 1)

N ;=4 N ;=3

Hab—1 = Hak—1 = V2GFV;Vua 2021,10 CoQo

Qo t oy |3d)v—alqq]vsa, ...

SU(S)L X SU(S)R (27, 1) — AQ,AO, (8, 1) — AO




A tale of various scales

The standard [?] lore:

® Resummation of O(1/N) log(u/Myy) up to u > m. gives a
moderate enhancement.

Charm threshold: } < m; —> penguins.

Penguin matrix elements can be large compared to that of left-left
operators.

Still to be verified/discarded via an explicit computation ...

Shifman,Vainshtein, Zakharov 1977; Bardeen, Buras, Gerard 1986




Existing results for Ao, A2?

experiment

-1
(c) w =Re A,/Re A,
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A subtraction

4 zx =T * *
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Lightest pion mass around 495 MeV.

CP-PACS Collaboration (Ali Khan et al.) O




New strategy to reveal the role of the charm

Disentangle several possible origins/contributions:
® Physics at the charm scale (via penguins).

® Physics at intrinsic QCD scale ~200-300 MeV.

® Final state interactions.
® All of the above (no dominating “mechanism”).

Separate “intrinsic QCD” effects from physics at the charm scale:

Consider effective weak Hamiltonian with an active My = My = Mg= M,

charm and study Ao, A2 as a function of mc. ¢

my, = md — m3<< me

Giusti, Hernandez, Laine, Weisz & Wittig, |JHEP || (2004) 016



Our strategy to reveal the role of the charm

Disentangle several possible origins/contributions:
® Physics at the charm scale (via penguins).

® Physics at intrinsic QCD scale ~200-300 MeV.

® Final state interactions.

® All of the above (no dominating “mechanism”).

Separate “intrinsic QCD” effects from physics at the charm scale:

SU(4)L X SU(4)R
“W

Consider effective weak Hamiltonian with an active Q = Mg = Mc— D
) - u d S C
charm and study Ao, A2 as a function of mc.

$

mu — md — m5<< mc

Giusti, Hernandez, Laine, Weisz & Wittig, JHEP || (2004) 016



Effective low-energy description

Dynamics of Goldstone bosons @ LO:
L = JF*Tr |9,Ud, Ut | — 1xTr [UM'e®/Nr 4+ hic]
UecSU(4), M= mass matrix

Low-energy counterpart of the weak effective Hamiltonian @ LO:

2
H%CVPT = 2?\/}02 (Vius)™ (Via) Zig(lf {[Og]suud — [O?]sccd}
W —

[O1]upys = LFH U UY) o (U0, U 55
Relation of LEC’s to K—nmt transition amplitudes @ LO in xPT:

A 1
U—— . ) = Determine LEC’s using lattice QCD

A V2




Matching QCD to the chiral expansion

® p-regime: new LECs appear at NLO

® c-regime: no additional AS=1 interaction terms at O(€2) = enables
matching at NLO!




Results: K=t amplitudes in the chiral limit

Giusti, Hernandez, Laine, Pena, Wennekers, Wittig 2006

g
This work 0.51(3)(5)(6)
"Exp” ~ 0.5
Large IV,

1 1 1 1 1
0.02 0.04

am

AI=3/2 comes in the right ballpark (N.B.: charm effects enter only via
quark loops).

AI=1/2 channel and amplitude ratio are a factor ~4 too small.

Enhancement of the AI=1/2 channel already present with an
unphysically light charm quark (Aog/Az ~ 6):“pure no-penguin” effect.




The new strategy to reveal the role of the charm

Disentangle several possible origins/contributions:
@® Physics at the charm scale (via penguins).

@® Physics at intrinsic QCD scale ~200-300 MeV.

® Final state interactions.
® All of the above (no dominating “mechanism”).

Separate “intrinsic QCD” effects from physics at the charm scale:

SU(4)L X SU(4)R
“W

Consider effective weak Hamiltonian with an active Q — My = Me— D
. u d S C
charm and study Ao, A2 as a function of mc.

$

mu — md — m5<< mc

Giusti, Hernandez, Laine, Weisz & Wittig, JHEP || (2004) 016



Conclusions

The lattice is a rigorously defined regularization of QCD (the only one?).

As such, it enables non-pertrubative computations at low energies, from
first principles, without any model assumptions.

The price to pay is the presence of a plethora of systematic effects. They
can be kept under control and are being systematically reduced.

The control of these effects is not just the result of better hardware an
software, but principally stems from a better theoretical understanding
of non-perturbative QFT at fixed UV cutoff.

We are currently moving away from uncontrolled approximations
(quenching) and approach a realistic situation of Nr = 2 + | + |,
Moreover, we are approaching the most “critical”’ areas of the QCD
parameter space (chiral limit, heavy flavours).

The result of this progress is that lattice QCD is a mature field, capable
of providing reliably some missing puzzles in Standard Model
phenomenology.




