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@ A precise & non-perturbative (NP) determination of B—physics matrix
elements within the unitarity triangle analysis is a task for lattice QCD

@ Why lattice HQET ?
» The B—meson system is characterized by two disparate scales:

the heavy quark mass (m, ~ 5 GeV) plus a QCD scale linked to mign
» However, a propagating b-quark on the lattice needs very small lattice
spacings (a < 1/my), still beyond today’s computing resources



Jochen Heitger, EuroFlavour 07

@ A precise & non-perturbative (NP) determination of B—physics matrix
elements within the unitarity triangle analysis is a task for lattice QCD
@ Why lattice HQET ?
» The B—meson system is characterized by two disparate scales:
the heavy quark mass (m, ~ 5 GeV) plus a QCD scale linked to mign
» However, a propagating b-quark on the lattice needs very small lattice
spacings (a < 1/my), still beyond today’s computing resources

= Recourse to an effective theory for the b-quark:

Heavy Quark Effective Theory I

[ Eichten, 1988; Eichten & Hill, 1990]

$b{'YuDu + mp iy
1
0 Wy Wspin
Lhet(x) = bp(x)| Do +my, — knpy2 _ ZsPin 5. B Pr(x) + ...
N— 2my 2Mmy

static limit
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» HQET = (continuum) asymptotic expansion of QCD
— Explicit pure theory tests that HQET is an effective theory of QCD?
» Phenomen. applications by constraining the large-mass behaviour of
QCD quantities (at my, &~ Mcparm < My, ) With computations in HQET
— Needs renormalizations entering the matching with high precision
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» HQET = (continuum) asymptotic expansion of QCD
— Explicit pure theory tests that HQET is an effective theory of QCD?

» Phenomen. applications by constraining the large-mass behaviour of

QCD quantities (at my, ~ Mcharm < My, ) With computations in HQET
— Needs renormalizations entering the matching with high precision

NB: A demonstration, how in this way extrapolations turn into interpolations, has
been given within the (Tor Vergata) step scaling method for B-physics in
[ Guazzini, Sommer & Tantalo, arXiv:0710.2229 ]
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» HQET = (continuum) asymptotic expansion of QCD

— Explicit pure theory tests that HQET is an effective theory of QCD?
» Phenomen. applications by constraining the large-mass behaviour of

QCD quantities (at my &~ Mcharm < My, ) With computations in HQET

— Needs renormalizations entering the matching with high precision

Non-perturbative tests in finite volume [ ALEHA | JHEP0411(2004)048 |

YFS/CPS

-1.1 -

7
e 3—loop ¥
= 2-loop ]
0 Xpq (static) n
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;§ linear (1/z<0.2) ;
—---- quadratic
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Example:
Finite-volume decay constant Yps

(L, M) MZ% Cps(M/A)XEZ(L) + O(1/2)

Yps

o
o

(*)]

HQET applicable as longas z = ML > 1

Composite fields are renormalized NP’ly
& CL taken at large quark masses

Finite-mass (QCD) observables smoothly
turn into the HQET predictions

Coefficient of z~™—corrections small: O(1)
“Conversion function” Cps reduces mass

dependence of Yps(L, M) by a factor > 2
(z7' = 0.1 — 0.2: power > perturb. corrections)
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Composite fields involving b-quarks in HQET

Ao(x) =i (X)vovshs(x)  — AT =i(x)vovsibn(x)
A0-<>- Ag Correlation function of the axial current

J'd3x <A0(X)A$(O)>QCD xo>>1/Mb [C S( ) ZRGI] J'd3X <A3tat(x) (Aatat)T(0)>
(]./Mb) A= /\QCD

stat
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Composite fields involving b-quarks in HQET

Ao(x) =P (x)voys5Wb(x) — A" =P (x)voysbn(x)

A0-<>- Ao Correlation function of the axial current

J'd3x <A0(X)A$(O)>QCD xo>>1/Mb [C S( ) ZRGI} J'd3X <A8tat(x) (Agtat)T(0)>
O(l/Mb) /\E/\QCD

stat

Generic structure of the HQET-expansion of QCD matrix elements
= (B|Ag|0): @P =Fgz,/mg = Cps (Mp/A) x Prgi + O (1/M)
—_— =
conversion function RGI matrix element
< renormalization in effective theory

@ In HQET: Absence of chiral symmetry as it is met in (massless) QCD
implies a scale dependence @t () = Z3° () (B AF|0)

@ M, = scale & scheme independent (RG-invariant) quark mass
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Composite fields involving b-quarks in HQET

Ao(x) = Py (x)voyshb(x) — A =P (x)voysba(x)
A0-<>- Ay . Correlation function of the axial current

J &x <Ao(x)A§,(0)>QCD M (o (Ms) Zg] J ¢ (AT (x) (A5™)(0) )
+ 0 (1/My) A= Aqep

b—quark mass dependence is a consequence of the matching step:
(Finite) renormalization s.th. matrix elements of the current in the effective theory
are equal to the QCD ones up to O(1/my,)

oD Fev/mg = Cmatch(Mp, 1) X Oy

stat

s(u) + O(1/my)

MS
Cmatch(mbv u) = 1+ Cl(mb/u) Q ( )
u—dependence removed by passing Qys(p) = j\t ( )<B|A5tat\0> — RGI

stat
ZA

. _ — (2bg) _ _ _
Drel = [im 26052 (W] "™ D), Y(9) = == = —v03° + 0(3*)
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Evaluation of the conversion function for the axial current:
AP Cps(Myp/A) x Drgr + O(1/My) (%)
Crnateh (Mp/p) X Os(p) + O(1/my)

Dzs(my)
Drgl

g(my) match
= [2bog2(me)] " 2 exp{J dg [v (9) ﬂ}}

= CPS (Mb//\) Cmatch(l) X



Jochen Heitger, EuroFlavour 07

Evaluation of the conversion function for the axial current:

DUP = Cps(Mp/A) x Drgr + O(1/Ms) (%)
= Crmateh (Mb/1) X Opys(pt) + O(1/my)
(Di
= Cps (Mp/A) = Cmaten(1) x Drgs(ms) J=0ws. \N="\ys
DRral
g(mp) match( )

C be@ (e Y 20 J q [v g ﬂ}

[29057(ms )] b 0 ? B(g) bog
Cps perturbatively under control [3-loop AD by Chetyrkin & Grozin, 2003 ]

Cos g/ M)
1.4 F

1.3 F

1.2 |

1.1 F

S R AN Y
0 0.05 0.1 Agg/M

N¢=0
uncertainty for M > M¢parm:
< 2% = 0.5 - (3-loop — 2-loop)

Y™N(§) = —v0g” — ™ + 2boct (1) §* + . ..

@ Anom. dimension in the matching scheme:
(with contributions from y“TS and Chatch )

9 RGl-ratio M/A: can be fixed in numerical
simulations without perturbative errors

@ Full (logarithmic) mass dependence € Cpg

Q@ Cps resp. y™2th defined beyond PT via ()
upon replacing gy by a non-perturb. g
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Heavy-strange meson decay constants
in the continuum limit of qguenched QCD

M. Della Morte, S. Durr, D. Guazzini, J. H., A. Juttner, R. Sommer
arXiv:0710.2201 [hep-lat]
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Strategy of the non-perturbative study

© Calculate the RGI matrix element of A3 in the lowest order of lattice
HQET (= static approximation) in large volume

Qral = Oral = Zral (BIAF0)
Zrai - NP’ly known (= 1% accuracy) [Nf=0: H., Kurth & Sommer, 2003]
Orgl = Fgy/ms /Cps(Mp/A) =
(21%)7/2 (B ZraiAT™[0) = Zra lim [2exp {xoEi(xo) } Cst(xo) ]2
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Strategy of the non-perturbative study

© Calculate the RGI matrix element of A3 in the lowest order of lattice
HQET (= static approximation) in large volume

Qral = Oral = Zral (BIAF0)
Zra1 . NP’ly known (=~ 1% accuracy) [Nf =0: H., Kurth & Sommer, 2003 ]
Orgl = Fgy/mg /Cps(Mp/A) =
(2L3)Y2 (B| ZraiAS*|0) = Zgai xl@m [2exp { x0 B, (%0) } CSAtf\t(xo)]l/z

© Combine this with large-volume QCD results for Fps(mps), obtained
for heavy quark mass values covering a range within the charm region

[Q)QCD]2
FRmg = 213 [(PS|ZaAl0)]* = Jim [2exp{x0m§g(x0)}CAA(XO)}

Caa(xo) ZA(13Z <Ao 0)7(0))
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Strategy of the non-perturbative study

© Calculate the RGI matrix element of A3 in the lowest order of lattice
HQET (= static approximation) in large volume

Qral = Oral = Zral (BIAF0)
Zra1 . NP’ly known (=~ 1% accuracy) [Nf =0: H., Kurth & Sommer, 2003 ]
Orgl = Fgy/mg /Cps(Mp/A) =
(2L3)Y2 (B| ZraiAS*|0) = Zgai xl@m [2exp { x0 B, (%0) } CSAtf\t(xo)]l/z J

© Combine this with large-volume QCD results for Fps(mps), obtained
for heavy quark mass values covering a range within the charm region

[Q)QCD]2
FRmg = 213 [(PS|ZaAl0)]* = Jim [2exp{x0m,§fg(x0)}CAA(XO)}

Caa(xo) ZA(13Z <Ao 0)7(0))

=- The physical b-region can be reached through an interpolation in the
inverse of the heavy-light meson mass, 1/mpg
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Results in the static-light sector

Computational setup
@ V=13xTwith L ~2fm, T =3L/2,5L/4, a ~ (0.09 —0.05) fm

@ Schradinger functional boundary conditions:
Dirichlet in time, periodic in space -
Correlation functions
- fsAtat(XO) _ fitat _

LxLxL LxLxL

@ Construction of interpolating B—-meson fields with wave functions
wi(x) to suppress contributions from excited states to the CFs
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Results in the static-light sector

Computational setup
@ V=13xTwith L ~2fm, T=3L/2,5L/4, a~ (0.09 —0.05) fm

@ Schradinger functional boundary conditions:
Dirichlet in time, periodic in space - -
Correlation functions
- fsAtat(XO) _ fitat _

LxLxL LxLxL

@ Construction of interpolating B—-meson fields with wave functions
wi(x) to suppress contributions from excited states to the CFs

Observables:
fstat(y . Wj
q)gfafre(xo' (,UL) e — 2L3/2 S?at ( 0 1) e (XofT/z)Eeff(Xo,(,Ui)
f1 (T, wy, wy)
1 fstat o .
Drel = Zral (1 +b5amg) Opae  Eerr(x0, wi) = = In | A (%0 — @, w;)

2a X2t (xo + a, wy)
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Analysis details:
@ 1- and 2-state fits guided by the expected large-time asymptotics

_in{cat(xo, wyi) o i

B(O)e —x0Estat + B{l)e —%0(Egtat +A")
1 a8

T'—o0 0 0) _T/
2_1:i1:at(-|—/v Wy, (.U]) N O(—E )OC]( )e T/ Estat
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Analysis details:

@ 1- and 2-state fits guided by the expected large-time asymptotics

(1)
—00 [3 Slnh(aAstat) e
Eeff(XO, wi) s Estat + —57 f € S
i
(1) ; tat
o stat , h AS
O (xo, i) '~ Dral {1+ E} o X0l [1+ (XO_ TT) %‘)]}
1
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Analysis details:

@ 1- and 2-state fits guided by the expected large-time asymptotics

X0—00

(1) _. tat
.7 sinh (aAs™t) e
Eefr(x0, wi) ~  Estat + T XA

1
© a

i
o XA |:1 n (Xo B TT/) Sinh(aAStat)] }
a

@ f3°*, f5* optimized via linearly combining the w; s.th. quality & extent of the
plateau in E.¢ are enhanced by eliminating the 1st excited state contribution

)

X0—00

(1

. B;
O (xo, wi) '~ Dgal {1 + B}
1

@ To tame the dominance of the statistical uncertainty of f$¥(T) in ®&f _(xo),

bare

the former is extracted from runs on lattices with smaller time extents T’ < T
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Analysis details:
@ 1- and 2-state fits guided by the expected large-time asymptotics

@ f5°, f5* optimized via linearly combining the w; s.th. quality & extent of the
plateau in E.¢ are enhanced by eliminating the 1st excited state contribution

@ To tame the dominance of the statistical uncertainty of f52t(T) in ®¢f (x,),

the former is extracted from runs on lattices with smaller time extents T’ < T

Continuum limit extrapolation

rg/a%z; — T T 1 o Non-perturb. O(a) improvement
o o Light quark mass is fixed to the
b P strange quark mass
F 3 o Static actions with reduced errors
LE ot ] (HYPL&HYP2)
* HYP2 3/2
é) — ‘O.i)l‘ - ‘o.i)z‘ - ‘o.i)a‘ - ‘0.04 = To (DRGI - 1'624(67)

(a/rg)?
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Decay constant at finite heavy quark mass

Computational setup
@ V=13xTwith L~2fm, T=2L, a~ (0.09—0.03)fm (!)

@ Non-degenerate relativistic quarks »T
— SF Correlation functions  fa(xg)
involving

(A1)o(x) = Ag(x) + acadoP(x

LxLxL LxLxL

® Fps(xo) = —ZA<1+ 22 (amg i +amg, s) 2__ Talxo) o (xo—T/2)mes

\/ psL3 V1

v
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Decay constant at finite heavy quark mass

Computational setup
@ V=13xTwith L ~2fm, T=2L, a~ (0.09—0.03)fm (!)

@ Non-degenerate relativistic quarks »T
— SF Correlation functions  fa(xg)
involving

(A1)o(x) = Ao(x) + acadoP(x)

LxLxL LxLxL

= b . fa(xo) —T/2
® Fps(xo) ——ZA<1+7‘\(cnnq,l—l—amqS )m Lt g T/ Bl
rg/zFPS\/mPS .
T ——————————— @ Non-perturb. O(a) improvement

16 } 4 @ Myight = Mstrange
i { 1 ® Fps(mps) for PS-meson masses
14 - . fixed around the physical charm,

i
%%
h_§ by 1 mps = (1.52.6)GeV ~ (0.8-1.3)mp,

12 t 1 o cLfor AMheavy S 3 to avoid area

R B B B )
0 oo1 ooz o003  oosa of breakdown of O(a?) scaling
(a/r,)?
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Mass dependence of the heavy-strange decay constant

I T T T T I T T T T I T T T T ]

+ # 132 4

2.2 -_ 0 RGI __

2 L rg/gFPs\/mPS_'

1.8 |- .

1.6 —} E -

14| % % -

: ]

1 _I 1 1 1 1 I 1 1 1 1 | /<T‘om‘:,) 1 1 1
0 0.1 0.2 0.3
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Mass dependence of the heavy-strange decay constant

- * 1y e
2.2 | 0 RGI
B . rg/g Fps\/mps
L CPS
2 —
1.8 [

1.6 —}
1.4;— {{ {

I 4
1r | 1 1 1 1 | 1 1 1 1 | /<T°m?') 1 1
0 0.1 0.2 0.3
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Mass dependence of the heavy-strange decay constant

* 1Y%
2.2 | 0 RG1
° 1'8/2 Fps\/mps
L CPS
2 —
1.8 |
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Mass dependence of the heavy-strange decay constant

L * 129
oo [ o Prar
i o ry2 FpgVmpg
L Crs
2 |-
1.8

14 [ T

o

1/(rgmg) 1/ rmy)
1 1 1 : 1 I 1 1 1 1 ‘ 1 1 1 1

0 0.1 0.2
1/(rompg)

12 F

o
)
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Mass dependence of the heavy-strange decay constant

1.8 |

1.4

12 F

L 1/(rmy) 1/(romy )
Nl Lo i )

0 0.1 0.2 0.3
1/(rymyg)
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Conclusions

The decay constant in HQET smoothly connects to the continuum data on
Fps in the QCD charm quark regime via linear interpolation in 1/m, once
© renormalization [— (NP)Zgg ]

© and matching [— Cps]
of the static effective theory result are accounted for with good precision
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Conclusions

The decay constant in HQET smoothly connects to the continuum data on
Fps in the QCD charm quark regime via linear interpolation in 1/m, once

© renormalization [— (NP)Zgg ]

© and matching [— Cps]
of the static effective theory result are accounted for with good precision

» Fit of the mass dependence to the form suggested by the HQET expansion

32 Fpsy/Mps ( B )
o/t Y 2 — A1+ mps > m
O Cps (M/Agz) ToMps Fs D

= (effective resp. phenomenological) slope B/(romps) ~ —0.5 GeV/mpsg

» Accurate knowledge of the HQET current’s anomalous dimension is crucial:
Cps carries ~ 50% of the m—dependence of Fps,/mps for mps = mp, (!)
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Conclusions

The decay constant in HQET smoothly connects to the continuum data on
Fps in the QCD charm quark regime via linear interpolation in 1/m, once

© renormalization [— (NP)Zgg ]

© and matching [— Cps]
of the static effective theory result are accounted for with good precision

» Fit of the mass dependence to the form suggested by the HQET expansion

32 Fpsy/Mps ( B )
o/t Y 2 — A1+ mps > m
O Cps (M/Agz) ToMps Fs D

= (effective resp. phenomenological) slope B/(romps) ~ —0.5 GeV/mpsg

» Accurate knowledge of the HQET current’s anomalous dimension is crucial:
Cps carries ~ 50% of the m—dependence of Fps,/mps for mps = mp, (!)

» The (safe) interpolation yields for the quenched B;—meson decay constant:

17/ Fa,/Ma, /Cps(Mp/Ays) = 1.487(43) = Fg, = 193(6) MeV
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Conclusions

The decay constant in HQET smoothly connects to the continuum data on
Fps in the QCD charm quark regime via linear interpolation in 1/m, once
© renormalization [— (NP)Zgg ]
© and matching [— Cps]
of the static effective theory result are accounted for with good precision

Cautionary remark

Natural to calculate the 1/m~term directly in HQET, but then one faces the
general problem in determining power corrections in QCD:
With the 1-loop AD and (1 — 1)—loop Cmatch: Cps has an error of

1
N 1 1 mp—oo AQch
A(Cps) o [§%(mp) ] {Qboln(mb//\Qco)} > e

= As for m > 1 unknown pert. corrections in Cps dominate over the NP
1/m~term, a true HQET expansion requires a NP matching of HQET
and QCD, resp. a NP estimate of Cpg [H. & Sommer, 2004 ]

[ Blossier, Della Morte, Garron, Sommer & Papinutto, 2006 & 2007 ] )




