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Why non-perturbative?

EFTs such as HQET have power divergences "
(aM )! N

which must be subtracted non-perturbatively in"
order to have a continuum [imit"

Power (1/M) corrections are only defined when the"
leading term is computed non-perturbatively”

late asymptotics of QCD perturbation theory "
for heavy-light physics"

All of this is taken care of by NP HQET:"

NP matching of HQET and QCD"
No predictions are lost



Okin(X) = W (X) Dy (X)

> power

di oL 1 need NP subtraction
IVergences g0 N

a"  log(alocp )a" n=1,2
e.g.

(O ) (2) = o, (Oun () + ET(@)Dol n(2) + 29T, @)1 n(2)

> power

corrections (a(m))L m;>00 Aqcp
m

need NP leading terms
to define power corrections

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



Why non-perturbative?

EFTs such as HQET have power divergences "
(aM )! N

which must be subtracted non-perturbatively in"
order to have a continuum [imit"

Power (1/M) corrections are only defined when the"
leading term is computed non-perturbatively”

late asymptotics of QCD perturbation theory " discuss
for heavy-light physics" a bit more

All of this is taken care of by NP HQET:"

NP matching of HQET and QCD"
No predictions are lost






On QCD PT for heavy-light systems



On QCD PT for heavy-light systems

at the leading order in 1/M

mass dependence e i
| RGI = exp ! dx %

has a PT expansion NP constant

| QP = Cpg(M/")" I rai  + Of 1/|V|

|
g (M77) ! match (X)
Cps(M/") =exp dx
" (X)
with
L #
o] (l\/I/")d 1! #(x) o M/")
— =exp | X : g (M/"
M " ()

I match . describes the mass dependence

g:u=m =mm), g =g(m)

|
\ / # 2bogf( )2) 10125 exp

b (M) = ZRG(lj/g) " é_{,%@

ﬂLPHA bare ME

" g(u)knowrl (X) +
I (X o
o T b W
| : AD in HQET

" . Lambda-para

M : RGI quark mass



Compare dierent orders
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We actually show
G =

Cr!natch (m’ I.l)/ Cr!n.atch (m’ IJ.)

B-physics: " s/ Mp ! 0.04
" 1/ log(" 55/ Mp) ! 0.3

Perturbation theory is badly
behaved

for charm quarks very badly
" 1/ log(" 5/ Mc) ! 0.5
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G =

Cr!natch (m’ I.l)/ Cr!n.atch (m’ IJ.)

B-physics: " s/ Mp ! 0.04
" 1/ log(" 55/ Mp) ! 0.3

Perturbation theory is badly
behaved

for charm quarks very badly
" 1/ log(" 5/ Mc) ! 0.5

b-mass not in asymptotic convergence region



Compare dierent orders
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Compare extrapolation of QCD — direct static

P. Fritzsch, N. Garron and J. Heitger (not yet published): finite volume matrix elements of HL currents
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(Based on continuum extrapolations)
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Compare extrapolation of QCD — direct static
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picture looks different depending on the order of PT"
extrapolation to static limit not that convincing"”

what error to associate to perturbative matching"



NP HQET

Path integral with weight (directly on the lattice)

Whoer ! exp(" a*  [Lignt (X)+ L2 (x)])
X
| #
# 1+ at (" kin Okin (X) *+ ! spin Ospin (X))
X
This yields
| |
0% = O%ar + ! win a° FOOin (X)%at + ! spin a’ 30 O gpin (X) %tat
X X
' $ O%at + ! kin O%in + ! spin 30 %pin ,
with
1 3 | renormalizable
O %at = = Oexp("a* [Lign (X)+ LE* (X)) & Lt =
pelds X Th [DO + #m]n h

The weight is expanded because then the theory is renormalizable

[Okin (X) = "h(X)D?" h(X), Ospin (X)= "H(X)! &B(X)" h(X)]



NP HQET

Path integral with weight (directly on the lattice)

!
WHQET ! exp(" 3-4 [L light (x) + Lﬁtat (x)])

#
# 1+ at (! kin Okin (X) + ! spin Ospin (x))

This yields
_ !
% = % at + ! «n a FOOin (X)%at + ! spin a’ 30 O gpin (X) %tat
X X
' $ 0%at + ! i %n * ! spin 3O %pin ,
with
1 3 | renormalizable
O %at = = [Lighe (X)+ LE* (X)) & L3t =
Z  pelds

X " [Do+ #m]"y

The weight is expanded because then the theory is renormalizable

[Ohai (09 = T2 60 - O (002 Fr00ll B9 160



NP matching: QCD — HQET



NP matching: QCD — HQET

A finite volume, recursive strategy



NP matching: QCD — HQET

A finite volume, recursive strategy

QCD ;

> Q

match SSF

S S, Ss

Ly =~ 0.5fm (now)

HQET

Sa

Ss




NP matching: QCD = HQET

1. Lagrangian + currents
QC HQET" HQET" HQET"

| parameter free  bare “correlation functions” parameters

; QCD(L o0 = j#
i y 1 h, ) - ,(L,a)+#i

(La)! (M. a)+ O(/m2)

! "I oo$ (M=
0!ooo$
structure: = 0Ot 00%
# 0o/1]ol|o
o |1 [olo]!
g))_gw—moo
c QLT T T
c 2000
X 300

notation from

Michele Della Morte , Samantha Dooling , Jochen Heitger , Dirk Hesse , Hubert Simma JHEP 1405 (2014) 060



NP matching: QCD — HQET

2. Exampleofa | ;

, QCD | n Fv,(T/2;!,2)
' ' Vo [Eud (1 g bd () 1/ 2
[F{ (D)F7 (Y, 2)]
g V8 b
H
«<— Dirichlet (SF)
d
o U 1/2
d d
Dirk Hesse , Rainer Sommer JHEP 1302 (2013) 115 I/L quark momentum

Kinematical parameter


http://arxiv.org/find/hep-lat/1/au:+Hesse_D/0/1/0/all/0/1
http://arxiv.org/find/hep-lat/1/au:+Sommer_R/0/1/0/all/0/1

NP matching: QCD — HQET

3. complete set of parameters with
heavy-light flavour currents

i $i origin

1,2,3 Mpare, Pkin $spin L HQET
4,...,6  Cagys CAgy, INZROET AHQET
7,...,11 ca,,s Capys CApss CApys IN Z)ZIQET AEQET
12 ..., 14 ovo,, Ovg, INZHET VHQET
15, ..., 19 Ovy1r Ovypr Ovygr Ovyyr INZPR0 VIOET

Michele Della Morte , Samantha Dooling , Jochen Heitger , Dirk Hesse , Hubert Simma JHEP 1405 (2014) 060



Status

determination of action, time component of axial current Ni=2"
strategy for action+all currents

- tree level investigation”

- one-loop investigation”

- decision on kinematical parameters"

results for "
- quark mass, decay constants”

preliminary static computation for Bs -> K"



Investigation of matching conditions
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Investigation of matching conditions

!QCD(Z):B+C%+O(1/22) X =XO + xBg2+

How large is 0(1/z%)?
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Results: 1. A Summary of published results

Precision lattice QCD computation of the B*Bw coupling

Fabio Bernardoni®, John Bulava?, Michael Donnellan®, Rainer Sommer® arXiv:1404.6951

The b-quark mass from non-perturbative N¢ = 2 Heavy Quark Effective
Theory at O(1/mp)

ALPHA Collaboration

Fabio Bernardoni?, Benoit Blossier”, John Bulava¢, Michele Della Morte ¢,
Patrick Fritzsch®*, Nicolas Garron¢, Antoine Gérardin®, Jochen Heitger,
Georg von Hippel ¢, Hubert Simma*, Rainer Sommer ¢

Physics Letters B 730 (2014) 171D177

Decay constants of B-mesons from non-perturbative HQET
with two light dynamical quarks

ALPHA Collaboration

Fabio Bernardoni?, Benoit Blossier , John Bulava €, Michele Della Morte ¢,
Patrick Fritzsch™*, Nicolas Garron¢, Antoine Gérardin”, Jochen Heitger &,
Georg von Hippel ", Hubert Simma?, Rainer Sommer ?

Physics Letters B 735 (2014) 349D356


http://arxiv.org/abs/arXiv:1404.6951

Results: parameters, b-quark mass, Ni=2

35
m%‘;‘?(z, y,a)%mg s(z,my,a) + S

16 fz  (f2")?

mg(z, m&P)/GeV

0 | [36] 6.76(9)  4.35(5) 4.39(6) 4.87(8) 238(19) [69)
2 | this work  6.58(17) 4.21(11) 4.25(12) [ 4.88(15) 310(20) [55
5 | PDG13 [1] 7.50(8)  4.18(3) 4.22(4) 1.91(5) 212(8)  [1]




Results: 1. A Summary of published results

- determine parameters, determine the b-quark mass, Ni=2

)/GeV

exp
T

mg(z,m

i | | I | | | | | | | | | | | | | | | |

0 0.02 0.04 0.06 0.08 0.1 11 12 13 14 15
exp

i Y © z=M L+

Partial contributions (0i/ o) to the accumulated error o of z,. Only error sources

contributing with a relative squared uncertainty (0i/ 0)? > 0.5% are listed. The en-

semble A3 did not appear in Table 1 since it enters through the scale setting

procedure [54,55] only.

Source i A3 G8 N5 N6 o7 Za wHQET

(0i/ 0)? [%] 1.2 0.9 2.6 5.9 5.6 20.6 61.6




Results: 1. A Summary of published results

- determine decay constants, Ni=2




Results: 1. A Summary of published results

- determine decay constants, Ni=2

stat
f Bs _

fo = 190(5)(2)1 MeV, cstat 1.189(24)(30) , fg = 186(13) MeV, fs./ fg = 1.203(65),
B

fa2 = 226(6)(9)1 MeV. fB, =224(14) MeV.

- tiny NLO (1/M) corrections "
- the same for the quark mass:
[MAVS(mMS) ™ = 4.21(11) Gev mvS mMS = 4.21(11) GeV

- there are other indications that HQET is an excellent"
(asymptotic) expansion for b-quarks at appropriate kinematics



There are more and interesting applications to come

From talk F. Bahr at CKM 2014 (last week):

Form factors for Bg — K¢v decays in Lattice QCD

Felix Bahr

John von Neumann Institute for Computing (NIC), DESY, Platanenallee 6, D-15738 Zeuthen
September 10, 2014

In collaboration with: F. Bernardoni, J. Bulava, A. Joseph, A. Ramos, H. Simma,
R. Sommer



Vub puzzle

@ Determination of | V|

@ ~ 30 discrepancy
@ Inclusive B — X ¢v:
Vip = (4.41£0.157013) x 1073

o Exclusive B — mfv: Vi, = (3.28+0.29) x 1073 o
=/(4.2240.42) x 1073 Vub

e fromB — tvvia fg: V| p.=
@ theoretical and experinfental input needed @ @
@ This talk: Non-perturbative determination of form

factors for Bs.~ K¢v decay ) 1

Base on a lot of complicated theory (assumptions)
e.g. HMrstCh PT

e.g. HPChPT Iinspired factorization of Eq. (19) allows a si-
multaneous chiral, continuum, and kinematic extrapola-
tion of lattice data at arbitrary energies. Because the chi-







Our approach to semi-leptonic decays



Our approach to semi-leptonic decays

fixed kinematics (g?)

improved Wilson fermions

HQET at (N)LO for b-quark (NP matched)

maybe separate chiral and continuum extrapolation

At the moment we have just a check
- and still 2 dynamical quarks
- and only the leading order in 1/M
- and renormalisation only as
(worry about PT exists) | €D = Ccy(m/ )1 RE




Semi-leptonic decays B — wfv, Bg — Kiv

B! BS<

BS — K
@ no experimental data yet — predictions

@ easier on the lattice (valence mx = mﬁhys computationally less expensive
than for the )
@ notfarfromB — «

2 2
mBS - mK

q2

2 2
mBS - mK

i 7

(K(p )| V*[Bs(pg.)) = f1(9%) | P, + Pk — Q" | + fo(q°)




Experimental decay rates

GZ|V b|2 ) | |2
= oo aes Q%) (%)
192! 3mg_
..2:"2+2, 2#2,422
(%)= mg + mg! g° ~! 4mg mi

@ form factor f, (q%) computed in LQCD
@ " determine V,

AB/A of (GeV™?)

—h
N
T

-t
o
T

v
[ ]

L I L B R L B

A Belle untagged (13 bins)
BaBar untagged (12 bins)
BaBar untagged (6 bins)
BCL fit (3+1 par.)

FNAL/MILC




Parameterisation of f(g%)! V,

Our ultimate plan:
BCL-Parameterisation

Klll ! k
1 1
f, (42) = | b 202" (" D)KK D

2" (%)

@ Correlated, combined Pt of our data and experimental data
® Minimise | 2= 12+ 1 &
@ bt parametersby,Vy



Extrapolations

At fixed gz, achieved by “twisting” the s quark:
w(x + Lk) = e'% y(x)

p® = (2nn+ 5)/L freely tuneable — heavy quark twisting (keep Bs in rest frame)

@ continuum, a— 0
e chiral, m, — mP™s



Ensembles and simulation

@ non-perturbatively O(a) improved Wilson 0008 oo o o
fermions 0.005-
@ Nf= 2 CLS ensembles NE ooog ©°¢ 8 °
@ scale setting via fx S T e e e
omL! 4 0.00%
0.00}4}-
@ Error estimates taking into account ole | | |
autocorrelations 0 61 02 03 04
m? [GeV?]
Id T1 LS a [fm] m [MeV] m L #meas. # target
A5 64! 323 0.0749(8) 330 4.0 500 500
F6 96! 483 0.0652(6) 310 5.0 254 500
N6 96! 483 0.0483(4) 340 4.0 220 500

@ keep mg/ fx = phys.
@ for now: one value of g2 only, g2 = 21.23GeV?



Ensembles and simulation

@ non-perturbatively O(a) improved Wilson 0008 oo o o
fermions 0.005-
@ Nf= 2 CLS ensembles NE ooog ©°¢ 8 °
@ scale setting via fx > zzzz e o o
@ mL! 4 |
0.00}4}-
@ Error estimates taking into account olo | | |
autocorrelations 0 61 02 03 04
m? [GeV?]
Id T1 LS a [fm] m [MeV] m L #meas. # target
A5 64! 323 0.0749(8) 330 4.0 500 500
F6 96! 483 0.0652(6) 310 5.0 254 500
N6 96! 483 0.0483(4) 340 4.0 220 500

below a=0.045 fm: topological freezing with PBC
@ keep mg/ fx = phys.
@ for now: one value of g2 only, g2 = 21.23GeV?



Obtaining the form factor

l b,u : l l :
: : : S :
: t{B,K} : : tB | tK :

Ratio b plateaux

2 (e t
"K(p)IVH[Bs(0)#= _ lim i) cedzgfati2 g0 im f121°(q?)
Tik$!  CY(tk)CB(tg) T,tg,tk$ !

Factorising Fit

Combined bt to ground and Prst excited state ofC?,C®

(n) (m)
ECS (test) = " nm" (n)#&n,m)$(m) e&Eg ts g&E #ﬁl,l)! f, (g?)
ECB(tB) = (M (n) e&ES s
Od<(tK) . m($(m))Ze&E|(<m)tK
@ Gaussian smearing, %°™(x) = ( 1+ $#) "%(x), N ' wavefunctions

@ random noise sources, full time dilution



Prellmlnary
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Preliminar
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Preliminary continuum extrapolation
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A comparison
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Preliminary conclusion (Vub puzzle)



Preliminary conclusion (Vu puzzle)

# form factors are rather stable (reliable)
# the puzzle remains
' theory for inclusive rate?

' or new physics?



General conclusion



General conclusion

NP HQET works in practice

the Vup puzzle remains

definitive results for phenomenology

require more work (Ni=2+1, form factor B->pi)



Discussion

request by Giulia Ricciardi

| mean claryfing the NP
approach (e.g. matching, discretization effects, how m itself is defined)
and comparing with other methods. Expecially for the latter



QCD HQET In static approx.

Zp FlAo()li"gep  ZSA (W)!FIASEL (X)]i"sta

| QCD (1m) (1)
! " () #
gt I (X)
| = | | = "o
P Rel T SR Py P T groylgo) T g (g0)
I known, FIEHA bare MZ
( 2 )1 1o/ 2bg | g(k) L(x) , 'o '
#  2bog(M) exp ! ; dx x) ! box L (M)

| QP = Cpg(M/")" ! Ra

I #

g (M7™) ! match (X)
Cps(M/") = exp dx
" (x)

with

: | g oty 1! #x) " X )
— = ex . X , " "
Moor " (%) °

" : beta-fct

: AD in HQET

" . Lambda-para

: RGI quark mass



1 R5P = Cps(M/") " ! Ral

IN perturbation theory:
error = (1 (m))-

NLO 1/M correction: AqQcp

m

NLO correction undefined with perturbative C:

l ocp

m

(¢ (my- ™






In lattice regularisation:



In lattice regularisation:

ower |
givergences gé- 1 need NP subtraction
a"  log(@ ocp )" n=1,2
e.g.

! " !
Oun ()= Zoy, Okn )+ 2T (@)Dl n(2)+ 29T

h(2)! h(2)



remains divergent

In lattice regularisation: eixtan/yorder in P

power
divergences

ggL 1 need NP subtraction
a"  log(@ ocp )" n=1,2

e.g.

! " !
Ogin R(Z) = 2oy, Okin (z) + %!_h (z)Do! 1(2) + 2(90)

I (2)! h(Z)



remains divergent

In lattice regularisation: eiltan/yorder in P

ower |
givergences gé- 1 need NP subtraction
a"  log(@ ocp )" n=1,2
e.g.

! " !
Ogin R(Z) = 2oy, Okin (z) + %!_h (z)Do! 1(2) + 2(90)

I (2)! h(Z)

Can’t use PT for c1, co



NP HQET
Mass is a parameter,

Which mass do we expand in”? but only formally
an expansion parameter

Matching

(Qo, aMp)}) = 1 27 (Mp)

T

TR (1

‘ QCD RGI mass
bare parameters 6 ambiguit
of HQET Lagrangian® JUILy

. Nno scheme
dependence”

power divergent
no direct physical

equivalent to MSbar
relevance

mass for H! "



The confusion (maybe”)

start with some “derivation” of HQET Lagrangian
- Integrating out

- FTW trafo

which is essentially classical, contains “the mass”

but this just serves to find/motivate the form of the Lagrangian

NP interpretation of the Lagrangian "
- operators of increasing dimension "

- with f fficients " -
"WI ree coefficients | i(gO1aMb)_ | I\/Ik!)(do! 4)

A

- respecting the symmetries

any mass



