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Intro ETMC LQCD

lattice QCD

Study QCD in a non-perturbative way

» Determine QCD parameters : as, Agep. Quark masses, . ..

» Determine hadronic properties :

e Spectrum of mesons and baryons
e Hadronic structure : form factors, scattering lengthes, ...

» Constrain effective theories :

e Chiral Perturbation Theory (xPT)
e Heavy Quark Effective Theory (HQET)

» Constraints on Standard Model parameters : CKM

e New Physics : precision in the non-perturbative determinations
of hadronic matrix elements ~~ few percent

e Control of systematic uncertainties in lattice QCD results
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Intro ETMC LQCD

precision in lattice QCD results

» Conftrol of systematic uncertainties

e UV cutoff effects: lattice spacing a O(a) improvement, continuum limit
e Finite Size Effects (FSE): lattice size L mpsL > 1
e Number of dynamical flavours (u.,d.s.c....quarks) Ne=0; 2,2+ 1;, 24+1+1
e Range of quarks masses : simulation/physics applicability of xPT, HQET
e Operator renormalisation non-perturbative

» Statistical errors

e Improvement in Monte Carlo algorithms Wilson type fermions
e Supercomputers

» Outline
e Light-quark physics from Ny = 2 and Ny = 2 + 1 4 1 dynamical simulations
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Intro ETMC LQCD

lattice QCD: parameters landscape

e |attice spacing: a (end 2008)
e |aftice size: L
e pion MaAsses : My

ETMC Ne=2 m OO 10
QCDSF Ny =2 x
CERN-ToV Ny =2 o Tt t 0.8
CLS Ny =2 o A A A [ ]
JLQCD N; =2 0.10 - M IEEVS /
JLQCD Ny =2+1 v, 'Al‘!éﬂ 5 aimm m % * 0.6
PACS-CSN;=2+1 v oma mame % o
BMW Ny =241 + . % si:zia*’ X4 /L[]
RBC-UKQCD Ny =241 4 P LU el o M 0.4
MILC Ny =2+1 4  0.05 i " v v v
ETMC N; =2+1+1 © £ + )
JLQCD (2001) Ny =2 X 0.2
exp’ @ -
.-/
0.00 ® - ® 0.0
1000 200 300 400 500 60C 100 200 300 400 500 600
myx [MeV] my [MeV]
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Wilson twisted mass lattice QCD (timLQCD)

Lattice fermionic action [Frezzotti, Grassi, Sint, Weisz, 1999]

m [SJ— .
St L _ 4 ZX ['yﬂ ,L7r§VHV,I,+mQ+I'y57'3,u]X(X)
P automatic O(a) improvement of parity-even correlators in

maximally twisted lattice QCD [Frezzotti, Rossi, 2003]

» tuning of only one parameter: bare untwisted quark mass:
my — M

» quark mass is then given by the twisted mass parameter :
Mg =
> no funing of operator-specific improvement coefficients
» low computational cost
But:
e explicit breaking of parity and isospin: the largest cut-off effects are in mgr

e however, the breaking is an O(az) effect in physical quantities
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ensembles scaling FSE xPT results PFF

N; = 2 ensembles

Ensemble B = g% a (fm) V/o4 MpsL ap mps (MeV)
D 4.20 0.055 48%.96 3.6  0.0020 270
D, 32%.64 4.2 0.0065 480
C 4.05 0.065 32°.64 3.3  0.0030 310
G 4.6 0.0060 430
Cs 5.3  0.0080 500
Ca 6.5  0.0120 610
Cs 243 .48 3.5  0.0060 430
Co 20°.48 3.0  0.0060 430
B 3.90 0.085 24°.48 3.3  0.0040 315
B, 4.0  0.0064 390
Bs 4.7  0.0085 450
By 50  0.0100 490
Bs 6.2 0.0150 600
Bs 32%.64 4.3 0.0040 310
B, 3.7  0.0030 270
Az 3.80 0.100 24°-.48 50  0.0080 410
As 58  0.0110 480
As 7.1 0.0165 580
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ensembles scaling FSE xPT results PFF

scaling to the continuum limit of fpg

a = 0.055, 0.065, 0.085, 0.100 fm
pion decay constant

- 2p 1 +
fespy = (O[T, vsd|m(p)) ~ fos = F|<O|P ©)7 )
Ps
0.55 T T T
r0fps [ rl'o fT:S L L
0.50 B 0.42 -
15 . S
0.45 F q =
o S kS = 7
o0 L . | 038 = ]
o ® - i
0.35 - 4 - ]
0.34 -
0.30 + a = 0.100 fm B - - ]
a=0.085 fm L& L i
0.25 a = 0.085 fm r 1
T a=0.065 fm ] 030 | romps = 0.614 —=— -
a = 0.055 fm romps = 1.100 F—-—| 1
0.20 + a = 0.055 fm 1 r )
[ . (a/ro)?
015 ) ) ) 0.26 L L M
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ensembles scaling FSE xPT results PFF

Finite size effects

» non negligible FSE since relative stat. error:  ~ 1% on mps and fps
P relative deviation: Ro = (Oss — O1)/Oco

0.40 T T T T T 0.40 T T T T T
= 0.085 fin —e—s a=0.085 fin —e—s
0.35 - = 0.065 fin —o— 1 0.35 = 0.065 fin —a— 1
0.30 | 1 0.30
"
025 | — S 025
0.20 b 1 2 020
&
0.15 - 1 015
0.10 P = 010
0.05 - 0.05
0.00 0.00
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
20 25 30 35 40 45 2.0 35 40 45 5.0
mesL mesL

mps ~ 300 MeV
P for mpsl > 3, data lies in the exponential FSE regime
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Ny =2 ensembles scaling FSE xPT results PFF

finite size effects

Comparison of lattice data at several volumes to :
» NLO xPT: GL
» resummed LUscher formula : CDH
P relative deviation: Ro = (Ose — O1)/Owo

[Gasser, Leutwyler, 1987, 1988]

[Colangelo, Diirr, Haefeli, 2005]

a (fm) mpsly — Mpgly meas. (%) GL (%) CDH (%)

L — ) (L — o0) (L — o0)

Mps 0.085 3.3 —43 —-1.8 —0.6 —-1.2
fos 0.085 3.3 —43 +2.6 +2.6 +2.6
Mps 0.065 3.0— 4.6 —6.1 -1.9 —6.3
fps 0.065 3.0— 4.6 +10.7 +7.0 +9.0

» CDH describes data in general better than GL but needs more parameters
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N =2 ensembles scaling FSE xPT results PFF

chiral perturbation theory : f., m;

P Use of xPT to describe the dependence on :

e the quark mass
e finite spatial size L

P Simultaneous fit to Nf = 2 xPT

Mig(L) = X [1+EN(xu/AD) + T 4 @Dy ] - (KEP(1))°

fs() = o [1 = 26I(xu /A7) + T + &y - KM (L)

whete x, =2Bopr, mp=1/Zop, €=xu/(470), fh=V2h
» data: afps, amps, Z and n/a
» parameters: rofy, 1By, oAs, A4, Dm, Df, {rn/a(p =0)}g, {Dy}s
» derived quantities: my 4. (§q). low-energy constants : 7314 = Iog(AgA/mii)
P Finite size corrections : (CDH : Colangelo ef al., 2005)
» Mass dependence : NLO and NNLO (extra parameters :  1o/Ay 2. K, Kr)
» Include O(a?) terms in the fifs
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ensembles scaling FSE xPT results PFF
B =4.05: a=0.065fm
B =390 : a=0.085fm

NLO without O(a?) terms excluding heavier masses
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Ny =2 ensembles scaling FSE xPT results PFF

continuum PT at NLO : fps Vs. 1R

a = 0.065 fm

4.
3. a = 0.085fm

0 O

B 5
B 0 :

NLO without O(a?) terms excluding heavier masses

0.45
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Ny =2 ensembles scaling FSE xPT results PFF

xPT fits : NLO

fofps = Ipfy [1 —2¢ Iog(Xu//\i) + (G/fo)QDf] KfCDH(L)

(omes)? = xuf8 [1+ €10g(xu /A3) + (a/r0)Dm] (KEP(1))’

NLO with O(a?) terms excluding heavier masses x?%/dof =19.6/17

T T T T 14T T T 3

040

(romps)*/(roug)
T

Tofy
025 — Fit B

0.00 0.05 0.10 0.15 0.00 0.05 0.10 0.15

Tor Tolr
B=4.05: a=0.065fm
B =390 : a=0.08fm
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ensembles scaling FSE xPT results PFF

xPT fits : discretization effects

Rfbs = rofo [1 = 2¢10g(x,. /A7) + (a/0)°Dr] KM (L)

P> it of fog and Mps combining a; = 0.055, a, = 0.065, a3 = 0.085fm [PRELIMINARY]
» mass dependence : NLO higher masses (mps ~ 600 MeV) not included
» volume dependence : CDH

Dm¢=0 fit Dy ¢ fit Dy ¢
le]] Q3 23 d,2,3
I3 3.38(7) 3.51(7) 3.47(6)
I 4.62(3) 4.63(3) 4.59(3)
By [GeV] 2.55(4) 2.89(14) 2.79(12)
fy [MeV] 121.62(7)  121.58(7)  121.65(6)
o [fm] 0.449(3) 0.429(9) 0.439(6)
X2/ dof 30.8/21 23.2/19 26.7/23
» values of D¢ : Dm = —1.08(95) ; Dy = 0.70(56)
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Ny =2 ensembles scaling FSE xPT results PFF

XPT f“'S . NNLO B =4.05: a=0.065m

B =390 : a=0.085fm

NNLO excluding heavier masses X2/ dof = 23.7/19

(shi)

NNLO including heavier masses ‘ ‘ X2/ dof = 30.9/23

(isl)

NNLO : Input some knowledge on 7])2, kv and kg in the fit:
h=-04406 Hh=434£0.1 km = ke =0+ 10
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Ny =2 ensembles scaling FSE xPT results PFF

Results : LEC, mg, (QQ), ...

Estimate systematic effects [PRELIMINARY]

P discretization

» NLO/NNLO

> FSE
T 3.49(19)
T 4.57(15)
By [GeV] 2.77(19)
fo [MeV] 121.8(5)
(—(@a)"/® Mev] 274(6)
My,q [MeV] 3.37(23)
Iy [fm] 0.433(14)

Bo. {§q) and my,q are given in MS at 2 GeV

To constrain further the determination of the LEC : more data points or
include in the fit other observabiles . ..
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ensembles scaling FSE xPT results PFF

electromagnetic form factor of the pion

[Frezzotti, Lubicz, Simula, 2008]

(@)l (P)) = Fu(d) (P+P')u : whereq = (p—p')°
1.0 T T T 1.0 T T T
W (a) Mr ~ 260 MeV (b) M‘ ~ 300 MeV
09 E 09 4
N:g 08 | ] N&ﬁ
> & = g’ € [0.05, 0.80] GeV? or | ]
> mpg € [270, 600] MeV o
> mps X L >4 0.0 04
» a=0.085fm . ‘ ‘ ‘
> NLO XPT [Gasser, Leutwyler, 1984] b (€)M~ 380 Mev
and vector meson dominance oo [ N ]
N:E 08 | ] N§=
0.7 | 4
0.6
0.0 0.4
Q° (GevY) Q@ (Gev?)

When & increases, NLO order does not describe anymore the lattice data
~s NNLO [Bijnens, Colangelo, Talavera, 1998]
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Np=2 ensembles scaling FSE xPT results PFF

pion form factor : NNLO PT a = 0.085fm

LEC NNLO non-lattice
> Use ()% as input fo stablize the fit Bo(Gev)  2.45+£0.03+0.10 -
> @ = g € [0.05, 0.80] GeV? fo (MeV) 12254+05+1.0 -
7 —04+07+06 —04+0.6
h A 43+0.6+04 4.3+ 0.1
* 7 3.2+04+02 29+24
~ 0 F 7 4.4+£0140.1 4.4+02
< o4 [ [ o Z 149 +£06+£07 160+ 05+0.7
oz [ |- am 1 ro-10°  —0.45+0.16 +£0.10 -
el ‘ - 10° 0.08 4 0.08 + 0.05 -
* AP ” f-10*  —0.9440.07 £0.10 -2.0
ry - 10 0.46 4+ 0.02 £ 0.31 2.1

P agreement with xPT fit of mps and fps using a = {0.055, 0.065, 0.085} fm data.
» pion charge radius: (r?) = 0.456 + 0.030 =+ 0.024 fm?
> experimental result: (r?)®: = 0.452 + 0.011 fm?
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ms 1%

strange-quark sector : fos(1), 11y, js) VS. M3

» Ny =2 ~+ thestrange quarkis quenched : use of Partially Quenched PQxPT
» |attice spacing : a ~ 0.065,0.085,0.100 fm

o
© 0,40

0,34

m (=38, L/a=24
® B=39, Lia=24
O B=39, L/a=32
A =405, L/a=32
— a=0, SU(2)-ChPT
-~ a=0, SU(3)-ChPT

3
*=_032
[=]

0,30

0,28

o1 02 03 04 05 06 07 08 09 1 11 12
romes(l,s,8) = 1.63
fomps (1, s, §)P"

Q

1.55




ms f

strange-quark sector : f/f; K, decay

e R B T e
bl 2
N,=2 *i ; e Z [ 0= 0.s64a0a9)
—fo— ETMC 09 (this work) fi/f 2= 1.189(7)
i;:w_‘ MILC 04 - Lattice07
Nf=2+1 i;—%—’—q NPLQCD 06
r‘ ; HPQCD-UKQCD 07
"_‘—<1 ; RBC-UKQCD 08
»—“—i« PACS-CS 08
»—‘,3—4 ALV 08 - Lattice08*
»—‘?—l: BMW 08 - Lattice08*
i
. o= e . .
1,05 110 115 120 125 1,30 135 140 0.970 0.975 VUd
flf
ETMC : Flavianet (Kaon WG global fit, 2008) :

fx = 158.1 £ 0.8 2.0 £ 1.1 MeV
fic/fr = 1.210(6)(15)(9)
[Vus| /| Vua| = 0.2281(5)(35) [Vus|/|Vua| = 0.2313(9)
[Vis| = 0.2222(5)(34) |Vus| = 0.2253(9)
)

[Vual? + |Vis|? + |Vup|* — 1 = —0.00146(160 [Vual? + |Vis|? 4 |Vus|? — 1 = —0.00023(70)
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Ne=2+1+1 Outline ensembles scaling

Ne=24+1+1

u d.,s c
sea quarks
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Outline ensembles scaling

Ne=2+1+1

» test QCD in redlistic conditions

» repeat physical conditions of Ny = 2 simulations

> setup
> Np =2+ 1+ 1twisted mass
» automatic O(a) improvement [Frezzotti, Rossi, 2003]
» non-degenerate quark masses :
Mc,s = ]/ZPILa + ]/Zleé
> lwasaki gauge action
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Nr=2+ 1+ 1 ensembles

=z v/d* ap Qo aps
1.90 323 . 64 0.0030 0.150 0.190
P Range of masses: 0.0040
m, € [270; 600] MeV 0.0050
cxp. 24° . 48 0.0040
Mk~ My 0.0060
me 2, 10m; 0.0080
0.0100
20% . 48 0.0040
> = -
eg 050851'90' 24° . 48 0.0100 0.150 0.197
9 'L - ?5 1.95 32% . 64 0.0025 0.135 0.170
Mes X &2 < 0.0035
0.0075
» Ensembles at two finer lattice 24° . 48 0.0085
spacings are being generated sfout 1.90  24°.48  0.0040 0.170  0.185
0.0060
0.0080
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scaling to the continuum limit of ;s and My

[PRELIMINARY]
a = 0.078, 0.085fm

pion decay constant and nucleon mass

2p
1 +
fois = ——[(O|P (0)|7™)| nucleon mass
bs
0.60 . ; . 10 . ;
rofps romy
0.50 - J 35T 1
X
x
% 30 F x 1
0.40 | g X J o
m
2.5 -
0.30 | @ =008 fm Lja=32 8~ 4 Nr=2+1+41 a=0085fm L/a=32 —8—
a=0085fm L/a=24 20 L Ne=2+1+1 a=0085fm Lja=24 —>— ]
a=0078fm L/a=32—5 Ne=2+141 a=0078 fm L/a=32 —8—
b a=0.078 fm L/a =24 —%—
0.20 -
1.5 F -
0101 1 1o b 1
) ) (romps)? 05 ) ) (romps)?
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.F
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scaling to the continuum limit of ;s and My

[PRELIMINARY]
a = 0.078, 0.085fm

pion decay constant and nucleon mass

2p
1 £
fois = ——[(O|P (0)|7™)| nucleon mass
Ps
0.60 T T T 4.0 T T
7'(!./‘.[’5 TomN
0.50 | 1 I 1
X
x @
« * 3.0 e @ 1
0.40 - a8 1
25 1
0.30 @ =008 fm Lja=32 8~ 4 a=0.085 fm
@ =0085 fm L/a=24 a0l @ = 0.085 fn 1
a=0.078 fm Lja =32 —B— @ = 0.078 fm
00 b a=0078 fm L/a=24 % | @ — 0.085 fm
a= 0.0&3 fm Lfa =32 —e— 15 F a = 0.085 fm q
a=0.085fm L/a=24 —6— @ = 0.065 fm
0.065 fm L/a = 32 e oes
010 | o ] a=0.055 fm
a=0.055 fm Lja =48 —e— 1o f @ = 0.055 fm Lja—32 1
a=0.055 fm Lja=32 —&—
) ) ) (romps)® 05 ) . (romps)*
0.0 0.5 1.0 1.5 2.0 0o 05 1.0 1.5
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Conclusions

Summary :
» confront laftice QCD data fo xPT: mass and volume dependence
» extraction of LEC, mq and (gq) with good stafistical precision

» conftrol of systematic errors

Other results from ETMC :
» meson and baryon spectrum
> fp, b, Bk,
» pion scattering lengths, p decay, K, D meson weak decays, PDF, ...

> Np=2+1+1:SU@2) and SU(3) xPT
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