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Laftice QCD & Flavour Physics

» Collective effort to test the Standard Model

» What quantities can be addressed on the latftice?
mq. My, (hlO|0), (hlOI), ...  (h|O]hihy)
» Examples in the strange and charm quark sectors
» What are the current uncertainties?
» What is the impact of lattice QCD in heavy flavour physics?

» What are the possible improvements?
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precision in laftice QCD

» control of systematic uncertainties

e number of dynamical flavours (u.d.s.c....quarks) Ne=0; 2, 241, 24+ 1+1
e cutoff effects: lattice spacing a O(a) improvement, continuum limit
broken symmetries at a # 0
mg < 1/a
e range of quarks masses : simulation/physics applicability of xPT, HQET
e finite size effects (FSE): lattice size L mpsLl > 1
e renormalisatfion non-perturbative

» statistical errors

e improvement in algorithms
e autocorrelations

e machines
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CKM matrix & lattice QCD
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lattice determinations in strange and charm sector
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» quark masses, BSM four-fermion operators, ...
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quark masses
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quark masses

» fundamental parameters of the SM
» appearin decay rates and induce symmetry breaking
» PDG : large uncertainties
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quark masses

fundamental parameters of the SM
appear in decay rates and induce symmetry breaking
PDG : large uncertainties

How to determine a quark mass in lattice QCD?

not physical observables
parameters of the lagrangian ~~ nead experimental input

use experimental measure of an observable depending on mq

match to lattice determination ~ mg*‘re

renormalisation :

ms: Mg, ...

interpolation

non-perturbative
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mqg ms m

ms . ETMC Nf =2 a = {0.054, 0.067, 0.085, 0.098} fm from ()
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light-quark mass and lattice spacing dependence

[ETMC, 1010.3659]
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mqg ms

ms . ETMC Nf =2 a = {0.054, 0.067, 0.085, 0.098} fm from ()
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lattice spacing dependence

[ETMC, 1010.3659]
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mq ms m

ms . ETMC Nf =2 a = {0.054, 0.067, 0.085, 0.098} fm from F(x®)

0.15 | ! ! ! ! ! I
75 80 85 90 95 100 105 110 11s

m (2 GeV) [MeV]

strange-quark mass dependence

- [ETMC, 1010.3659]
~  ms[MS, i = 2GeV] = 95(6) MeV  (6%)
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ms : comparison
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mqg ms Mme

me . ETMC Nf =2 a = {0.054, 0.067, 0.085, 0.098} fm from F(cx?)
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lattice spacing dependence
[ETMC, 1010.3659]

~ Mmc[MS, p = mc] = 1.28(4)GeV  (3%) me/ms = 12.0(3)  (2.5%)
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Mme

non exhaustive comparison of recent results

T T T
PDG
HPQCD, 2008 -
Chetyrkin et al., 2008
ETMC, 2010 =+ = |
1.1 1.2 1.3 1.4
me[MS, m,] [GeV]
me/ms = 12.0(3)  (2.5%) [ETMC, 1010.3659] Ne=2
11.3(5) (4.0%) [Diirr & Koutsou, 1108.1650] Ny =2
11.9(2) (1.4%) [HPQCD, 0910.3102] Nf=2-+1
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mg

quark masses

what improvements are needed?
» reduce the uncertainty coming from perturbation theory
» matching non-perturbative scheme (Schrodinger Functional, RIF-MOM) to MS

» use of mass-independent scheme with Ny = 4
[ALPHA, 1006.0672]
[ETMC, 1112.1540]
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K decays

K — tu

K — m/lv

us
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unitarity of the CKM matrix: first row

MZ
Vaal” + [Vis]® + |Vin|* =1+ O (ATW>
NP

Relative contributions
o |V =~ 0.974 : rel. eror § ~ 0.02% nuclear 8 decays
o |V ~0.225 : §~0.50% = 1% Kez and Kyo decays
e |Vyp| &~ 0.004 : small

Flavour Mini-Workshop , Benasque, 27-05-12 G. Herdoiza Strange and Charm Quark Physics from Lattice QCD



unitarity of the CKM matrix: first row

MZ
Vaal” + [Vis]® + |Vin|* =1+ O (ATW>
NP

Relative contributions
o |V =~ 0.974 : rel. eror § ~ 0.02% nuclear 8 decays
o |V ~0.225 : §~0.50% = 1% Kez and Kyo decays
e |Vyp| &~ 0.004 : small

Determinations of | V|
» semileptonic Ky3 decays: K — mlv
M(Kes() o |Ves|? £1(0)?
e (| Vus|fi(0)) ~ 0.20%
° ff”f (0) : hadronic matrix element at & =0 ~ sub-percent precision in LQCD
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unitarity of the CKM matrix: first row

M2
Vaal” + [Vis]® + |Vin|* =1+ O (ATW>
NP

Relative contributions
o |V =~ 0.974 : rel. eror § ~ 0.02% nuclear 8 decays
o |V ~0.225 : §~0.50% = 1% Kez and Kyo decays
e |Vyp| &~ 0.004 : small

Determinations of | V|
» semileptonic Ky3 decays: K — mlv
M(Kes() o |Ves|? £1(0)?
e (| Vus|fi(0)) ~ 0.20%
° ff”f (0) : hadronic matrix element at & =0 ~ sub-percent precision in LQCD

2 fK 2
(%)
o O(Vius/Viua X fu/fx) ~ 0.20%
e fy/fr ! ratio of decay constants ~- sub-percent precision in LQCD is needed

» leptonic Ky, decays: K — fv

+
r(KZQ('y)) x ‘ Vs

M(migyy) | Voo
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SU(3) breaking
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fK/fﬂ'

fK/fn
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[FLAG, 1011.4408]
fi/fr = 1.193(05) [0.4%] Ne=2+1
1.210(18)  [1.5%] Ne =2

...preliminary [ETMC, 1012.0200] Np=2+1+1
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Kis: K — mly

M(Kes) ¢ [Visl? (07 = 007~ (w(p) | Viu | K(P))

e interpolationto ¢? = 0
e SU®)breaking: fL(0)=1+4+f+1f
e Ademollo-Gatto theorem: no LECs of xPT in f,: f, = —0.0226

compute deviations from f.(0) — 1 —f,
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light-quark mass dependence [JLQCD, 1112.5259]
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Vs from Ky and K
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K decays

CKM : unitarity first row

0.230~ : o

us

0.225

lattice result for f (0), N, = 241
. : lattice result for f,/f_, N, = 2+1
R : —.—.— lattice result for  (0), N, = 2

e : — .= lattice result for f,/f_, N, = 2

0.220 L - unitarity

nuclear p decay

lattice results for N, = 2+1 combined | |

lattice results for N, = 2 combined

P -
0.99 1

ud

[FLAG,

1.01

1011.4408]

lattice + Kaon branching fractions

|Vual® + [Vis|® + [Vio|* — 1 = 0.0020(150)
laftice + | Vis| from -decay
f+(0) :
fx/fﬂ- N

0.0000(7)
—0.0001(6)

Flavour Mini-Workshop , Benasque , 27 G. Herdoiza

Strange an

rm Quark Physics from Lattice QCD



Vis

what improvements are needed? KLOE-2
incorporate isospin breaking effects on the lattice

> QED: qu # Qa
» QCD: my # mg

> example: removing QED ~ M+ — My =~ —6MeV [1%]

Flavour Mini-Workshop , Benasque, 27-05-12 G. Herdoiza Strange an rm Quark Physics from Lattice QCD



Vis

what improvements are needed? KLOE-2
incorporate isospin breaking effects on the lattice

> QED: qu # Qa

» QCD: my # mg

> example: removing QED ~ M+ — My =~ —6MeV [1%]

» expansionin mg — my [RM123, 1110.6294]

Lo = W(au+ad) -

= Mug @9 — Amyg Q739

u(au — dd)

» expand the path integral

_[DpoOe?
= Tose
_ /Do +Amyg &) e N _ (0o + Amyg (O8)0
D (14 Amyg&)e—> 14+ Amug (Ss)o

&= > [@mal(x)
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Vs @ isospin breaking

Fo—F 4
— K K
SR = St

QcD

g «
S o o o

S Fx/ A my (MeV™?) x 10°

m,y (MeV)

[RM123, 1110.6294]

=6.05(63) x 10° MeV2  exp' + xPT + lattice [FLAG, 1011.4408]

input: [ME, M@]QGD

results : o
3 [ma — my]9°P (MS, 2GeV) = 1.18(4)(12) MeV

Fer /Fet acb
[ﬁ - 1] = —0.0039(3)(2)

—0.0022(6) XxPT [Cirigliano & Neufeld, 1102.0563]
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neutfral meson mixing : bag parameters

By
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mixing By

Kaon bag parameter By : K® — KO oscillations

CKM matrix and Unitarity Triangle

K-sector : indirect CP violation via ex

A(K. = (77)i=0)

Rl y oy v

)
o
Bl

glte

~ e ————Im{(K°| He(AS = 2)|K°
K N AN {{K™ [ Hen( K™Y}

d u,c,t s
» By : Koon bag parameter

. _ 8
(R°| 0521k = EBKfEmQK

0822 = (3v,d)(3v.,d)

» among the largest uncertainties in the UTA :

(ex)|exp A 0.5%
8(Bi) e ~ 4.0%

:

5(|Veo| ) lna. = 4 x 2.0%
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By

Bx : BMW

» non-perturbative renormalisation
P Wilson fermions : mixing with operators of wrong chirality
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light and strange quark mass dependence
[BMW, 1106.3230]
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» historical perspective P recent determinations
0737002 - AverageLLV 2011 (Ne=2+1)
0.74:0,025 o Aveege L S2010 (Ne=2+1) ~
0.724+0.045 —.— SBW 2010 (Ng=2+1) B
0.749:0.026 b RBC_UKQCH 2010 Ne=2+1)
o AR X ANaan) )
£ e ( +
0.738+0.055 et JLQCD 2008 (N-~2) 05 06 07 08 09 f
0.782:0.07 e CP PACS 2008 (N -0) T T T T T
0.72:0039 e RBC-UKQCD 2007(N, =2+1) i SWME 11
2005 0.83:0.18 ———+———  HPQCD 2006 (N,
069920025 o RBC 2004 (N:=2) - RBC/UKQCD 108
087:0.061 —— Bewemzoozmwueu Ne=0) el SWME 10
0.73+0.015 ol RBC 2001 (Ne=0, —
2000 0.789=0.027 - PSS 2061 (Ne2o, @7 & | Aubin 09
B 10.1 —— Buras 1998 (1/N > |=| RBC/UKQCD 09
0863:0.058 —— JLQCD 1997 (Ne=0)
s 0.86:0.07 —— B 105 (Ne=0) | RBC/UKQGD 07A, 08
1995 k = | HPQCD/UKQCD 06
el our estimate for N=2+1
Jop0  086:012 +—e——  Bemard - Soni 1990 (Ng=0)
0.96:0.05 e Kilcupetal. 1990 (Ng=0)
HoH ETM 09D
Lo85 fCabibbo et a, 1984 () a ——— JLQCD 08
- lsemam e 1o <N; 0, z o RBC 04
)3 e Donog (2
0n0gue & A 963 (SUS e ' 0 y uKQcD 04
TR B I |
1980 L L L
) 05 1 15 05 06 07 08 09 1
By
[Lunghi & Soni, 2011] [FLAG, 1011.4408]
By = 0.738(20) [2.7%] Ne=2+1
0.729(30) [4.1%)] Ne =2
[ALPHA, 0902.1074] 0.730(30) [4.1%] Ny =0
PRELIMINARY [ETMC, 1111.1262] 0.747(18) Ne=2+1+1
update : [BMW, 1106.3230] 0.773(12) [1.4%] Ne=2+1
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mixing By
€K

what improvements are needed?

Im[(K°| Hg " |K%)] N Im(Ao)]

ex = exp(ipe) sin(¢pe) [ NP Re(Ao)

long-distance contributions
K = (rm)=0 ~ Im(Ag)
K — (7m)—; iseasier: ~ Im(Az)

indirect : chiral effective theory
direct: QCD in afinite volume [Lellouch & Liischer, hep-lat/0003023]

vy V VY

v

[RBC-UKQCD, 1111.1699]

value of Re(Az) [18%] in good agreement with exp' [4%)
Im(Ay) = —(6.83 £ 0.51 + 1.30) 10~ ® GeV  [21%]
meanwhile use Re(Ag,2)™P" and (€’ /€)|exp. TO estimate Im(Ag)

(Ke)abs = 0.923(06)
[Buras, Guadagnoli, Isidori, 1002.3612] 0.940(20)
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decays

D decays

S, D — Lv L SN

D — K(r) v —
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Nr=2: fp and st

T(Ds — €v) o |Ves” 15, with

lig

D

fo,Pn = O[5y, vs¢|Ds(p))

a = {0.054, 0.067, 0.085, 0.098} fm

130 ————

1.25

1.05

ht-quark mass dependence : fp, /fp vs. my

T T T T T4 poso
= B=3.90
® B=4.05
B=4.20
lin.
CL-phys. point (lin.)
— HMChPT
O CL-phys. point (HMChPT)

ool 1
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fo and fp, : comparison

T(Ds — bv) o |Ve” 15 with  f5,0, = (O[S7,75¢|Ds(P))

T T T T T T T T T T
PDG | PDG |
HPQCD, 2010 +a~ HPQCD, 2010 -
FNAL, LAT2011 FNAL, LAT2011
CLS, LAT2008 — . PACS-CS, LAT2011  —=—
ETMC, 2011 —=— ETMC, 2011 —
. L . . i .
240 250 260 270 280 1.0 11 12 1.3 14
fp, [MeV] fo./fo
SU(3) breaking : fp, /fp
unitarity : second row |Vea|  (6%) [Ves|  (4%)

[Veal? + [Ves|? + [Vep|? — 1 & 2(7) x 1072
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decays

semileptonic D — K

ar
d—qz(D — Klvg) o |Ves|? £ (GP)?

2
(K(K)Gv.cIDP)) = Py + ku — q“%

2
m
fo(d) + g —25—=

momentum transfer dependence of £ (g%)/f.(0)
T R

T T T T T T T T T T T
PRELIMINARY

— £,(@")/f(0) ETMC N;=2 (Partially Q. HMChPT, continuum)
f,(a")/i(0)

TMC N =2 (Partially Q. HMChPT, continuum)
[ | ™ £,(q")/f0) BaBar D’->K™ [PRD 76 052005 (2007)]

™

o
T

m_ ~ 480 MeV - 270 MeV

1
1
1
1
1
1
1
1
2 . 1
2.5 f,(@")/f(0) FOCUS D’->K [PL B607 233 (2005)] [
, |
’ |
I
]
]
a~0.100 fm - 0.063 fm :
1
1
J

©

¢ (GeV)

[ETMC, 1104.0869; PRELIMINARY]

Flavour Mini: G. Herdoiza Strange and Charm Quark Physics from Lattice QCD



decays frn D— K

semileptonic D — K L

ar
d—qQ(D — Klup) o |Ves|? £ (0°)?

= HPQCD (2010) HEH 2.5 % error

Other theory

Fermilab/MILC (2005) —O—
Sum Rules (2009)

ETMC (2011, preliminary) ——

Experiment + CKM Unitarity

CLEO-c (2009) bd ]

~ BaBar (2007+update) -

L | ' 1 s | L | L 1 s | L | '

02 03 04 05 06 07 08 09 1
D>K, 6 2

£f,77(q'=0)

[Na et al., LAT2011]

Need further improvements to constrain | V4| and |V|
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conclusions

strange and charm quark physics from the latftice

types of observables :

>

precise : accuracy < 1%

Koo, Kos ~ isospin breaking
tricky : few %

Ma, Mc

By

fos» 1o, fi0(0)
challenging : > 10%

K — nmm

terra incognita
D — hyhy

other quantities currently being studied on the lattice :
BSM operators relevant for KO — K° mixing
charmonium spectrum and radiative decays, fp«, Gp*pr. Bp. ...
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