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Intro

Heavy Quark Effective Theory

> An effective field theory for
— low energy: single heavy quark in initial and/or final state
— energy far below threhold for creation of heavy quark-anti-quark
pairs

typically: heavy quark = b-quark b u
sometimes: heavy quark = c-quark ‘\/\/\/\)
> Degrees of freedom

heavy quark field: 2-component: P, = ¢y (Py = %)

light quark fields: u,d, s, (c)

gluons
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> effective field theory with strong interactions through gluons
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Intro

Heavy Quark Effective Theory

> An effective field theory for
— low energy: single heavy quark in initial and/or final state
— energy far below threhold for creation of heavy quark-anti-quark
pairs

typically: heavy quark = b-quark I:,\/\/\/\:
sometimes: heavy quark = c-quark
> Degrees of freedom
heavy quark field: 2-component: P, = ¢y (Py = %)
light quark fields: u,d, s, (c)
gluons

> effective field theory with strong interactions through gluons

An EFT: . order by order in
non-perturbative in
energy

Qs Mb
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Intro

The expansion parameter

> Typical QCD scale in bound states

Aqcp = [0.5fm] ™! = 400 MeV

M, 10
» Expect a good asymptotic convergence
» Applicable for small external momenta (in the rest frame of the

B-hadron)

Ipl

1
M, <
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H Q ET Lagra ngla n [Eichten & Hill; Isgur & Wise; Georgi ]

In the rest frame of a b-hadron (‘“velocity zero”)

Pu{ Dy + mu by

4
pstat _ ﬁb(okin + Ogpin) + Zanti-quark
EQCD — pHQET 4

B =P Do, Pidn=un, GnPr =1, Pr=150
Okin(x) = P, (x) D? ¢y, (x)
Ospin(x) = Eh(x) g B(X) d”h(x)
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Why are we interested in HQET?
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Why are we interested in HQET?

» Believed to describe the true asymptotic expansion in 1/ My, of
spectrum, matrix elements, Euclidean long-distance correlation
functions
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Intro

Why are we interested in HQET?

» Believed to describe the true asymptotic expansion in 1/ My, of
spectrum, matrix elements, Euclidean long-distance correlation

functions

Part of understanding QCD

Heavy Quark Effective The
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Why are we interested in HQET?

» Believed to describe the true asymptotic expansion in 1/ My, of
spectrum, matrix elements, Euclidean long-distance correlation
functions

Part of understanding QCD

» Searches of physics beyond the SM in Flavour physics have seen no
significant sign.
Uncertainties are probably too large — precision physics.
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Why are we interested in HQET?

» Searches of physics beyond the SM in Flavour physics.
[hints: Vqp “puzzle’]
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Why are we interested in HQET?

» Searches of physics beyond the SM in Flavour physics.
[hints: Vqp “puzzle’]

G. Isidori — Quark flavour mixing with right-handed currents Euroflavour2010, Munich

P Motivation

Exp. side: RH currents provide a natural solution to the “Vy, puzzle’

B(B =1 Iv) o | V|2
¢ ) =1Vuo Within

B(B —>1v) = | v | ) M B —mlv B> Xylv Bt
Ub 0.0030 0.0035 0.0040 0.0045 0.0050
B(B — Xylv) o< |V |2 [Vl
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Intro

Why are we interested in HQET?

» Searches of physics beyond the SM in Flavour physics.

[hints: Vqp “puzzle’]

Euroflavour2010, Munich

G. Isidori — Quark flavour mixing with right-handed currents
P Motivation
Exp. side: RH currents provide a natural solution to the “Vy, puzzle’
e Lattice — ME ME
B(B 5w V) o |V |2
ub Within
) B —mlv B> Xylv Bt
B(B —>tv) o[ V| EY
0.0030 0.0035 0.0040 0.0045 0.0050
[Vl

B(B — XuIv) = | V| 2

» More precise & reliable lattice calculations are needed to check
whether such puzzles are for real or others are there.
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Intro

Why are we interested in HQET?

» Searches of physics beyond the SM in Flavour physics.

[hints: Vqp “puzzle’]

Euroflavour2010, Munich

G. Isidori — Quark flavour mixing with right-handed currents
P Motivation
Exp. side: RH currents provide a natural solution to the “Vy, puzzle’
Lattice — ME ME
BB onw) «|Vipl®
) _Within B —mlv B> Xylv Bt
B(B —>tv) o[ V| EY
0.0030 0.0035 0.0040 0.0045 0.0050
[Vl

B(B — XuIv) = | V| 2

» More precise & reliable lattice calculations are needed to check
whether such puzzles are for real or others are there.

» HQET is a great help
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Lattice QCD is a challenge

: light st h beaut
multiple scale problem e sirange charm  beauly

always dlffIC.L”t L1l \H‘ | L1 \\H‘ | Lol
for a numerical treatment 100 1000 m [Mev]
PS

3 3 3 3
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Lattice QCD is a challenge

: light st h beaut
multiple scale problem e sirange charm  beauly

always difficult L * o \f\m\ *‘ | H*HH
for a numerical treatment 100 1000 my[MeV]
lattice cutoffs:
Aoy = at
Ar = L1
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Lattice QCD is a challenge

: light st h beaut
multiple scale problem e sirange charm  beauly

| difficult * * * *
?WQ}/S ! ICU I \HH‘ L L \\HH‘ L I I I I
or a numerical treatment 100 1000 Mg [MeV]
lattice cutoffs:
Aoy = at
AR L1
L' < me, ... .mp,mg < a!
O(etm) mpa <1/2
! !
L>4/m; ~6fm a~ 0.05fm
L/az 120
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Lattice QCD is a challenge

: light st h beaut
multiple scale problem e sirange charm  beauly

| difficult * * * *
?WQ}/S ! ICU I \HH‘ L L \\HH‘ L I I I I
or a numerical treatment 100 1000 Mg [MeV]
lattice cutoffs:
Aoy = at
AR L1
L' < me, ... .mp,mg < a!
O(etm) mpa <1/2
! !
L>4/m; ~6fm a~ 0.05fm
L/az 120

beauty not accomodated: need HQET, Aqcp/my, expansion
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NLO

HQET at the quantum level

Path integral with weight (directly on the lattice)

Wiger = exp(—a* Y [Higne(x) + L5 (x)])

X {1 + 34 Z(wkin Okin(X) + Wspin Ospin(x))}

This yields
(0) = (O)stat + wiana® D _(OOkin(X))stat + wepina® Y _(OOspin(x))stat
= (O)stat + Wkin<o))liin + Wspin (O) spin » ’
with
O = 5 [ Oexp(=a" D[ () + 4 ()

X
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NLO

HQET at the quantum level

Path integral with weight (directly on the lattice)

Wiger = exp(—a* Y [Higne(x) + L5 (x)])

X {1 + 34 Z(wkin Okin(X) + Wspin Ospin(x))}

This yields
(0) = (O)stat + wiana® D _(OOkin(X))stat + wepina® Y _(OOspin(x))stat
X X

= <O>stat + Wkin <O)kin + Wspin<0>spin ;
with

1 } renormalizable
(O)stat = Z O exp(—a* Z[iﬂlight(x) + L)) < Zgstat =

fields

x Py, [Do+35m] ¢

The weight is expanded because of renormalizability
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NLO

HQET at the quantum level
<0> = <O>stat + wkin<0>kin + wspin<0>spin

also local fields in correlation functions need to be expanded:
Oqcp = Ao(x) Aj(0)

2
Ao(x) —  ANYT(x) = ZIT Azt (x) + 3 VAP ()]
=1

V=o@/m),  [AP(x)]=4

“)(x) D)= 757,(0 — Di)un(x)

(X) Astat
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NLO

HQET at the quantum level

Example
LR (x0) =223 (Ag(x)Al(0
CAAR Ad Z< o(x )>QCD
its HQET expansion (with energy shift)
CHP () = ™ (ZV ) [CGRR (o) + ) G (o)

+ Wkin CXIX(XO) + Wspin CZIXH(XO)}

with
Cg;\a/‘g(Xo) _ 32 Astat A(l )stat + 332 )(Astat ))T>stat
C};X(XO) — 32 Astat Abtat(o))’r>km
o) = @ ST (AT (0) e
x
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NLO

Expansion of energies...

mg = — lim Ogln CSED(XO) =...
Xp—00

_ stat L kin . spin
= Mpare + E + WkinE + WspinE )

E¥™ = — lim 8 In C33'(x0)
Xo— 00
; 1
Ekm _§<B|Okin(0)|B>stat

D1 1
EsPin — —§<B|Ospin(o)|B>Stat )
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NLO

. and matrix elements

A(B — 1v)

Fs/mp

(Dstat

(01AL(0)[B) o

lim {2 exp(mpxo) C;%SD(XO)}I/z

Xp— 00
ZHQET (Dbtat lim {1 + XO [kaE + Wspin Ebpm]
Xp— 00
kin bpm
1) tat 1 Cia(x0) | 1 Cia (x0)
RS & ( 0) + Ewkin Cztzt( ) + Ewspm CStat(XO }

lim {2exp (Bt x )CZtXt(Xo)}1/2 = (B|A3™(0)]0)

X0— 00
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NLO

HQET at the quantum level

CRP(0) = =m0V [ CRR"(0) + € GIRA(0) + wicn CER(30) + @i G (0))

» Parameters in the effective theory

s HQET 1
(le---WS) - (mbarc - m+0m7 In (Z ? ) C‘E\)ﬁ Wkin » Wspin)
w; = wi(go, aM
- (g0, aM) bare go: bare QCD coupling
parameters My: RGI b-quark mass
(other quark masses not written)

» Renormalization
keep M, fixed change gy — 0 (i.e. a — 0):
all divergences (logarithmic and power) absorbed in w;
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NLO

HQET at the quantum level

Finite parts of the parameters w; need to be determined

> from experiments
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NLO

HQET at the quantum level

Finite parts of the parameters w; need to be determined

> from experiments

= loose predictivity
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NLO

HQET at the quantum level

Finite parts of the parameters w; need to be determined

> from experiments

= loose predictivity
» from non-perturbative QCD:

Matching

O ({wi(g0, aM)}) = ORP (M)

keep full predictivity if this can be achieved
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NLO

Issues in a non-perturbative treatment

g d NP sub i
divergences gt R T nee subtraction
an log(aAqcp) a” n=12
e.g.
(Okin)R(Z) =20, ((’)kin(z) + %1 ¥y, (2) Doton (2) + Cz‘(;ng) Eh(z)dfh(z))
> power _
i d NP leading terms
t L m*’OO/\QCD nee . g
cormections (a(m))” > to define power corrections

m

It is in general not enough to compute Wilson coefficients in
perturbation theory
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NLO

Non-perturbative matching of HQET and QCD  [heiser 5. 2001 |

» The trick: start in small volume, ®, finite volume masses,
L=1L; ~05fm, a=0.01fm decay constants ...
QCD HQET

QCD _ 4 HQET
<1>,< = @k

k=1,2,...,NgqQeT

NuQET =
# of parameters

F
o
x

'
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NLO

Non-perturbative matching of HQET and QCD  [heiser 5. 2001 |

» The trick: start in small volume, ®, finite volume masses,
L=1L; ~05fm, a=0.01fm decay constants ...
QCD HQET

QCD _ 4 HQET
<1>,< = @k

k=1,2,...,NgqQeT

NuQET =
# of parameters

F
o
x

'

— HQET-parameters from QCD-observables in small volume
— at small lattice spacing [T'< m,<at
power divergences subtracted non-perturbatively
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The HQET strategy: first view [Heieger. 5. 2001 |

QcD HQET

Ly i Ly Lo Lo L
‘ ]
- VA

w w

IS
< D
iidi as
match
S1 3 Sa S3 S Ss
wi(a1) wi(a2)  coefficients in effective Lagrangian

a; = 0.025...0.05fm a; =0.05...0.1fm
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NLO

The HQET strategy: second view [Heieger. 5. 2001 |

QCDh HQET
L L Lo Lo Lo
‘ ]
i 75
w w
N | < D
=5 i
match
s s 54 54 55
O ET(Ly) o (L) large V physics

observables

Rainer Sommer A predictive effective field theory: Heavy Quark Effective The



NLO

Schrodinger functional toolbox for finite volume

T x 13, Euclidean T
Dirichlet boundary conditions in time
. ! ) LPHA
[Luscher,Narayanan,Welsz,WoIfF, 92; Sint, 93; Collaboration, 92- ... ] time
0
—_—
> no zero-modes soace

» boundary fields for gauge invariant quark correlation functions

» running coupling ...
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Tests

TeStS Of H Q ET [Heitger, Jiittner, S., Wennekers, 2004; Fritzsch & Heitger, 2010]

Example: SF boundary-to-boundary correlators Ny = 2 dynamical fermions

0
J e
1] ] o
SR 3]
e el
08| = sl ]
: —— z=ILM
o R — o=
.
06 o ]
Ny o (61,0,)=(0,1)
O (61,6,)=(3,1) L ~ 0.5 fm
04l A (61,60)=(0,3) |7
spin averaged
1)) AP S— B i it i |
ol
0 0.05 0.10 0.15 0.20 0.25
1/z
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Tests

TeStS Of H Q ET [Heitger, Jiittner, S., Wennekers, 2004; Fritzsch & Heitger, 2010]

Example: SF boundary-to-boundary correlators

0.06

0.05

0.04

~ 3 fi

Rl = Z In kil X Wspin
40=00 E
©6=05
0 0=10

0.10
1/z

0.15

0.20

Ni = 2 dynamical fermions

L
e T
0
—_—
space
z=1LM

spin  symmetry vio-
lating
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Tests of HQET: the continuum limit

L; = 0.5fm: a=0.012...0.025fm:

b-quark can be simulated, continuum limit can be taken

0.295
4{ 0.3 “ [
0.29 ~——
0.25
A 0.285 . + -
Q L= £ 0.2
C < v e &
o 028 T, —— =
N e 0.15
e
0.275 01
0.27
o o5 1 15 2 25 0 0.01 0.02 0.03
-3
(a/Ly) x10 (a/L1)

®4 = O(1) = RS™ 4wy, O™
three different z three different 6
(show Ng = 0 graphs)
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Tests of HQET: conclusion

» HQET confirmed non-perturbatively

» SF correlation functions can be used for matching

OHT ({wi(go, aMy)}) = OFP (M)
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Full strategy to determine w(M,, a), a = 0.05fm ... 0.1fm

QCD HQET

L ; L Lo L2 Loo

match
S1 : Sa S3 Sa Ss

(in the realistic implementation finer resolutions are used)
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NP HQET

Non-perturbative determination of parameters [ Az 2001200 ]

static parameters
W= (miges In(ZA)I)" Nuqer = 2
parameters at first order

~ HQET HQET (1) t .
w Q - ( Mpare » In(ZA ) y CA "y Wkin s Wspin ) NHQET =5
w(l/m) _ wlIQLT _ Stat

matching: L; ~ 0.5fm (low energy scale)

®;(Ly, M, a) = d°P (L1, M,0), i=1... Nuqer -
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NP HQET

Non-perturbative determination of parameters [ Az 2001200 ]

L; = 0.5fm: a=0.012...0.025fm:

b-quark can be simulated, continuum limit can be taken

10 0.47
gs| HH——F—+——+-F 0.46 *77,j,,r,,77§w s
O ottt F g 0.45 +777L7T77——%~———— E
%78.5 %ﬂ
0.44 F T
8l s R I
75 0.43
0 05 1 15 2 25 0 o5 1 15 2 25
(a/L1)2 x107° (a/L1)2 <107
& = Ly mp(L1) = O(2) b, = In(L?/2 [Fgv/mB](L1) =
0(2%

three different z
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NP HQET

Non-perturbative determination of parameters [ Az 2001200 ]

HQET expansion of &1, ®,

d:)1 = Ll mB(Ll) =1L [mbar'e + rStat] + O(l/mb)
O = In(Ly* [Fy/mp](L1) = In(Z3™) + Ca + O(1/my)
in general

®(L,M,a) = n(L,a)+ oL, a)w(M,a)

[stat L 0 ... w1
= CA + 0 1 ... wo
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Exa mples of results: Mb [Blossier, Della Morte, Garron, Mendes, Papinutto, Simma, S ]
static approximation
mg = wy + ESY — 4 pStat

lim [ES®2* — stat ([, 3)] a=0.1fm...0.05fm [S4, S5]

a—0

+ Iimo[FStat(L2, a) — %Ly a)] a =0.05fm . ..0.025fm [S2, S3]
as

1.
+ = lim ®1(L1, My, a) 2=0.025fm...0.012fm [S1] -
Ll a—0
19
L Qco HQET
18 =
L L L Ly L L
o N ] f %
151 B
14 3 = b
O Lm™-L,E
[ 20,0, M)
13- o v =
! ! ! !
12 10 11 . 12 13 14 &} s. 5. s s
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NP HQET

Examples of results: M,

[ [[ LO (static) | NLO (static + O(1/m)) |
(01,02) = (0,0.5)  (61,02) =(0.5,1) (61,62) =(0,1)
6o =0 17.1+£0.2 17.1+£0.2 17.1+£0.2 17.1+£0.2
0o = 0.5 17.2+0.2 17.2+0.2 172+ 0.2 17.1+0.2
6y = 17.2+0.2 17.3+0.3 17.3+£0.3 17.3+£0.3

Table: Dimensionless b-quark mass, ryM,,, obtained from the B; meson

mass, for different values of 6;.

» small 1/my, corrections
» weak dependence on matching conditions

Heavy Quark Effective The

A predictive effective field theory:
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Examples of results: quenched Fg_,/mg;

[Blossier, Della Morte, von Hippel, Garron, Mendes, Simma, S ]

E = Cps(My/A) @ 1+0(1
B.\/MB, ps(My/N) ®rar (14 O(1/my))

1T number

Mo 2% llog M, /N)]70/2b0 from ZIQFT

— HYP1

201 —  HYP2 /
L9

. with 1/mb:

' } ﬂ :#: GHQET _
1.6 *

Fs. /M5, /Cog °P

®Rrgar (static limit)

5 0.000 0.002 0.004 0.006 0.008
o [fm?]
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NP HQET

Examples of results: quenched Fg_,/mg;

[ [[ LO (static) | NLO (static + O(1/m)) |
(01,02) = (0,0.5)  (61,02) =(0.5,1) (61,62) = (0,1)
6p=0 233+6 220+9 218+9 218+9
0p = 0.5 229 +£7 221+9 219+8 219+9
=1 219+6 22349 221+8 22248

Table: Pseudo-scalar heavy-light decay constant fg_ in MeV, for different
values of 6;.

» small 1/my, corrections

P> weak dependence on matching conditions
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NP HQET

Comparison to relativistic (not so) heavy quarks

24 T T T T

T T
32 RGI
o~ @ i

22+ 1
1o q)BSHQET [In(WIA)]020%

1632 fog Mpg 2 [IN(MIA)Y0/200 J
1.8

1.6 -
14 -

12

0 0.05 0.1 0.15 0.2 0.25 0.3
1(rg mpg)

Surprisingly consistent picture down to mass of charm

Calls for a direct evaluation also at Mcharm
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NP HQET

Examples of results: quenched level splittings

3.0 l l i 1
f ! | } 3s — 1s splitti i
plitting static
o —
420 | 2s — 1s splitting static +
3 e S 1/my,
e 1.5] ¥ of ¢ **
o 2s — 1s splitting static
[ HYP
Nl
— HYP2
0.0

0.000 0002 0004 _ 0.006 _ 0.008
a? [fm?]

Static results for splittings are in agreement with [T. Burch et al. |

Also ratio of ground state / excited state decay constant
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NP HQET

Concluding remarks

» HQET as an effective theory confirmed non-perturbatively
after taking numerically the continuum limit

» The continuum limit exists (numerically)
non-perturbative renormalizability

of course numerical results are no rig. proof

» First results for Ny = 2 were shown at Lattice 2010
[Blossier, Bulava, Della Morte, Donnellan, Fritzsch, Garron, Heitger, Mendes, Simma, S ]
We are at the beginning of phenomenological applications ...
Flavour Physics / New Physics
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NP HQET

More general remarks on QFT on the lattice

Lattice: excellent tool for NP field alp) [ i S IR
theory, even EFT 12 f

QCD: difficult
many scales ol
the couplings are strong and
weak

Apra

SF scheme, N=0

- 2/3-loop g 1
. . , o4
tricks: a number of field theoretic +
algorithmic tricks have been [250Mev

developed P Y R A
10° 10t 102 /A 10°

V: finite volume as a tool plays
an important role

SUSY: finite volume may play an important role
N = 4 YM: conformal!
finite volume effects are unavoidable

AdS/CFT: finite volume could play an important role in checking it
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