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Charm Physics through Lattice QCD

Study QCD in a non-perturbative way

I QCD Parameters : αS , ΛQCD, quark masses : mc

I Hadronic Properties :
• Spectrum : D-meson, charmonium, charmed baryons
• Structure

I Constrain Effective Theories :
• Heavy Quark Effective Theory (HQET) , NRQCD
• Chiral Perturbation Theory (χPT)

I Constraints on the Standard Model : flavour physics
• CKM , charm decays

• New Physics : precision in the non-perturbative determinations
of hadronic matrix elements

• Control of systematic uncertainties in lattice QCD results
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precision in lattice QCD results

I control of systematic uncertainties

• number of dynamical flavours (u,d,s,c,. . . quarks) Nf = 0; 2; 2 + 1; 2 + 1 + 1

• cutoff effects: lattice spacing a O(a) improvement, continuum limit
broken symmetries at a 6= 0

mq � 1/a

• range of quarks masses : simulation/physics applicability of χPT, HQET

• Finite Size Effects (FSE): lattice size L mPSL� 1

• renormalisation non-perturbative

I statistical errors

• improvement in algorithms

• autocorrelations

• machines
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dynamical simulations : parameter landscape

• number of flavours : Nf

• lattice spacing : a

• lattice size : L

• pion masses : mPS
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Caveat in plots : no information on systematic effects (cut-off effects, FSE, scale setting, . . . ), ms , mc , . . .
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Nf = 2

u, d sea quarks
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Nf = 2 ETMC ensembles

• Wilson twisted-mass fermions

• Gauge action : tree-level Symanzik

• a = {0.054, 0.067, 0.085, 0.098} fm

• mPS ∈ {270, 600} MeV

• L ∈ {1.7, 2.8} fm , mPSL & 3.5
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Nf = 2 : mc a = {0.054, 0.067, 0.085, 0.098} fm from f (exp)
π
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I Non-perturbative renormalisation of mq
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Nf = 2 : mc a = {0.054, 0.067, 0.085, 0.098} fm from f (exp)
π
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heavy-quark mass dependence [ETMC, 2010]

I Non-perturbative renormalisation of mq

 mc[MS, µ = mc] = 1.28(4) GeV mc/ms = 12.0(2)
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mc

non exhaustive comparison of recent results

PDG

ETMC, 2010

Chetyrkin et al., 2008

HPQCD, 2008

mc[MS,mc] [GeV]

1.41.31.21.1
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mc

non exhaustive comparison of recent results

PDG

ETMC, 2010

Chetyrkin et al., 2008

HPQCD, 2008

mc[MS,mc] [GeV]

1.41.31.21.1

ETMC ongoing : determination of mc from charm current correlators
[ETMC, Petschlies et al., LAT2011]
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Nf = 2 : fD and fDs

Γ(Ds → `ν) ∝ |Vcs|2 f 2
Ds

with fDs
pµ = 〈0|̄sγµγ5c|Ds(p)〉

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

light-quark mass dependence : fDs
/fD vs. m`
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fD and fDs : comparison
Γ(Ds → `ν) ∝ |Vcs|2 f 2

Ds
with fDs

pµ = 〈0|̄sγµγ5c|Ds(p)〉

HFAG

ETMC, 2011

CLS, LAT2008

FNAL, LAT2011

HPQCD, 2010
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fD = 212(8) MeV fDs
= 248(6) MeV fDs

/fD = 1.17(5)

fK/fπ = 1.21(2) fBs
/fB = 1.19(5)

fπ = 130.4 MeV fK = 158(2) MeV fD = 195(12) MeV
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Nf = 2 : B → `ν
fB : unitarity triangle  tension between B(B+ → τ+ντ ) , |Vub| and sin(2β)
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[ETMC, 2011]

fB = 195(12) MeV fBs
= 232(10) MeV fBs

/fB = 1.19(5)

mb[MS, µ = mb] = 4.29(14) GeV
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Nf = 2 : semileptonic D → K
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momentum transfer dependence of f+(q2)/f+(0)

a = {0.067, 0.085, 0.098} fm [ETMC, S. Di Vita et al., LAT2010]
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Nf = 2 : semileptonic D → K
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[Na et al., LAT2011]

ETMC results for D → π are also available [ETMC, S. Di Vita et al., LAT2010]
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Nf = 2 : hyperfine splitting

MJ/Φ − Mηc
vs. MJ/Ψ

a = {0.067, 0.085, 0.098} fm PRELIMINARY [ETMC, C. McNeile et al., LAT2008]
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Nf = 2 : ηc decay constant

〈0|c̄γµγ5c|ηc〉 = mηc
fηC

pµ

fηc
vs. MJ/Ψ

a = {0.067, 0.085, 0.098} fm PRELIMINARY [ETMC, C. McNeile et al., LAT2008]
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Nf = 2 : ηc decay constant
〈0|c̄γµγ5c|ηc〉 = mηc

fηC
pµ

fηc
vs. MJ/Ψ

Recent study by [CLQCD, 2011] : 〈h f |J (e.m.)
µ |h i〉

ηc and χc0 form factors

radiative decays: J/Ψ→ γηc , χc0 → γJ/Ψ , hc → γηc
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Nf = 2 + 1 + 1

u, d, c, s sea quarks
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Nf = 2 + 1 + 1

u, d, s, c dynamical quarks with mu = md < ms < mc

Motivations for including the dynamical charm?

I expected effect O(1/m2
c) and O(αS (mc))

I a dynamical quark is active at energy scales E > mq

I running of renormalised quantities with Nf = 4

I matching to MS with Nf = 4 at µ > mc

I explore physical effects dynamical c on hadronic masses and matrix elements

I remove so far uncontrolled systematic effect of the dynamical charm :

relevant with increasing precision in lattice computations
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Nf = 2 + 1 + 1 ETMC ensembles

• a = {0.06, 0.08, 0.09} fm

• L = {1.9, 3.9} fm , mPSL & 3.5

• mπ ∈ {200, 520} MeV

• ms and mc from 2m2
K −m2

π , mD
around physical values
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continuum limit scaling of fPS and mN

Nf = 2 + 1 + 1 a = 0.06, 0.08, 0.09 fm

fPS nucleon mass

Nf = 2 r0mPS = 0.614
Nf = 2 r0mPS = 1.100

Nf = 2 + 1 + 1 r0mPS = 0.728
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no signs of large O(a2) consistent with analyses by [MILC (2010), ALPHA (2011)]
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Nf = 2 + 1 + 1 : fπ , mN

Nf = 2 + 1 + 1 and comparison to Nf = 2 a = 0.08, 0.09 fm
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Nf = 2 + 1 + 1 : tuning ms and mc

a = 0.06, 0.08, 0.09 fm
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Conclusions

Nf = 2 : heavy-quark physics

I determinations of mc ,mb

I fD , fDs
, fB , fBs

I D → K and D → π semileptonic form factors
I charmonium : hyperfine splitting, decay constants
I charmed baryons

Nf = 2 + 1 + 1 : dynamical charm quarks

I no clear signs of large cut-off effects from
dynamical charm in light-quark observables

I ongoing : charm physics, charmonium spectrum, η′ mass,
nucleon matrix elements, 〈N |̄ss|N〉 . . .
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Nf = 2 + 1 + 1 : mixed action fK

a = 0.060, 0.079 fm

fK and fπ

fπ (input)

fK

fK(a = 0.060 fm)

fK(a = 0.079 fm)

fπ(a = 0.060 fm)
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PRELIMINARY Nf = 2 + 1 + 1 result : fK/fπ = 1.224(13) stat. errors only
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fK/fπ
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ETMC Nf = 2 + 1 + 1 : [PRELIMINARY]

fK/fπ = 1.224(13)

0.96 0.97 0.98 0.99 1 1.01

V
ud

0.220

0.225

0.230

V
us
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lattice results for N
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 = 2+1 combined

lattice result for f
K
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lattice results for N
f
 = 2 combined

unitarity

nuclear β decay

FLAG, 2011 :

fK/fπ = 1.210(18) Nf = 2

fK/fπ = 1.193(05) Nf = 2 + 1

|Vus| = 0.2254(9)

|Vud |2 + |Vus|2 + |Vub|2 − 1 = 0.002(15)

ongoing : BK
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