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Why effective theory framework at all?

B-meson is to heavy to be resolved on LV lattices with a > 0.05 fm:
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Why effective theory framework at all? ift

B-meson is to heavy to be resolved on LV lattices with a > 0.05 fm:
pt/fm
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relativistic b-quark impossible to incorporate using techniques of u/d-,s-,c-quark

necessity of effective theory description remains in the near future
[1,2] [31-[5] [6]—[11]

HQET cleanest way for heavy-light systems from field theoretic point of view
Remark: ALPHA collaboration could develop a full non-perturbative treatment of
HQET incl. O(1/my,) terms (renormalization & matching to QCD) "%/~ 2]
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necessity of effective theory description remains in the near future

[1,2]

[381-[5]
HQET cleanest way for heavy-light systems from field theoretic point of view

[6]1-[11]
Remark: ALPHA collaboration could develop a full non-perturbative treatment of
HQET incl. O(1/my,) terms (renormalization & matching to QCD) "%/~ 2]

HERE: Probe predictions of HQET numerically using lattice QCD.
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Why effective theory framework at all?

B-meson is to heavy to be resolved on LV lattices with a > 0.05 fm:
pt/fm
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How is that possible? in small volume Ly ~ 0.4fm
aden
Ly aQcp
put/fm
100 10 1 0.1 01 0.001 0.0001
®)
mgo
I I I I h A I I
0.001 0.01 0.1 I 1 ] 10 100 1000
Ly “'}11‘8}31'
”’?3‘8%1“
P. Fritzsch

1/GeV
Benasque, Aug 2015



ift

renormalization scale ;« = 1/L1 set implicitly via
non-perturbatively defined coupling, gi, (L1)

massless scheme, Ny = 2 degenerate quarks with

OUR SETUP / my =0

FRAMEWORK relativistic (quenched) heavy quark of mass my,
parameterized via RGI parameter z = L1 M

probe HQET on 7' = L = L; lattices with different
kinematics using twisted b.c. for heavy-quark

VY (z + Ll;;) = % Un(z), k=1,2,3
with 0, = 0 € {0,0.5,1}

P. Fritzsch Benasque, Aug 2015
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Framework

QCD

ift
HQET

Define renormalized trajectory in L; (line of constant physics)
light’ sector:

G%(L1/2) =2.989 ,

L177L1 =0
QCD:

Li/a € {20,24,32, 40}

(L1 =~ 0.4 fm)
HQET: Li/a € {6,8,10,12,16}

= tuning of (B, k1, L1/a)
= a <0.02fm

heavy’ sector in QCD: fix RGI heavy quark mass

~ relativistic b-quark
coarser lattices sufficient
F’F.Heitger,Tantan[23]
2= L1 M = L1 Zn(1 + by amq n)amgn + O(a2) , G = Z(90)Za(90)
€{2,2.7,3,3.3,4,6,7,9,11,13,15,18,21}

h(L1/2)
Zp(p, go) /
P. Fritzsch
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Example for continuum limit in HQET ift

L/a € {4,6,8,10, 12} with flavour-twisted mom. (61, 62) € {(0,0.5), (0.5,1),(0,1)}
2 static actions (HYP1,HYP2) + universality of CL to reduce systematics in cont. extrapolation

QL a) = QHFT(L) [1+ (a/L)?- 45] ,  §=1,2

R0, 605) ([ mver Pz e comt. | RS0y, 05) ([ mve o nvpz — com. |

FT T T T E| T T *
L64Fg. =i - tLlSj (01,02) = (01) e ]
1.62F S e Jru4r e 1
L6 e s = ]

L (01,02) = (0, ] re=iioz---y--- P = =
1A58j\(1 ’ \( ! | | | | thl?*‘ | B | | | | ]
1A42:L::,”L‘,”;,,,‘L,_,,,_‘ ‘ ‘ ;1-11j‘(91,92):‘(0.5,1) ‘ ‘ ‘ ‘ b

[ XL = 1 11f 7
14} =1 i - 1
1387 71409j £/>/$_/—"’/ 7]
. 7‘(91.62):‘(0.5,1) ‘ ‘ ‘ ‘ x 71‘08,‘.i::ix,‘,,?,,,x‘,,__,,,“, i i =

E\ T T T T T E 105j\(6 . \(0 . ) T T T T t

Egoo Focepoo-daaa--- F- E £ 1,02 5 1

R e SR =1
L15E : FooEeg 3 I 1

E E L . ]

E (61.62)=(0,05) E Feeziipiyoog - .
1.14 B2 L L | | L *31.04E, o | \ | B

0 0.005  0.01 0.015  0.02  0.025 0 0.005  0.01 0.015 0.02  0.025

(a/L)? (a/L)?
. (0| Ag|PS(67)) 7% . Ftat(
RE4 (01, 602) = M RS (01,62) = 'Q, 61)
' (0| Ap|PS(02)) ) Fstat(9y)
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Example for continuum limit in QCD ift

L/a € {20,24,32,40} and = € {2,2.7,3,3.3,4,6,7,9, 11, 13, 15, 18, 21}

global fit ansatz taking mass-dep. cutoff effects into account

QQCD(Lv 2, a‘) = QQCD(L7 Z) [1 + (a/L)2 : {PO +p1z + p2z2}]

Yps(z,0.5) Ypg/ps(2,0.5, 1)
e e (0 A B R = I S e B L L I
T T H Jp4--3----%-47 5[ ]
Eo b B p BT 11.30 1 |
Los- .- - 4] L [ 4 ] [ ]
ERSNES R S & R : [ s--a----:-3] [ ]
[ e-a--2-e-%1 T : Tpe--3--d-2-34195F s 1
AP S S ; IR SRR I 1
b J150F i 8 1 T 1
[ 4--3--2-3- - 3 L [3 I S [ B
:4——{,—-&_@__{: r I3 :f tl‘QOj ]
r 140 1t 1 0 . 1
L #--%--35_5 _ 34 L 4L ] L . ]
TS I 1r JqLis ]
beccitzizecidisof g 1t P ) ]
[ -e- - 3 4OV g ] L 1 ..
T 10 o i1 0 ]
:w T B | w\ﬁw w-w{\; :w%m\mu\mm\mm\w: 7\\'\‘\'\ TR I B \T]“loiwHw\mm\mm\mm\wi

0.002 0.001 0 0 5 10 15 20 0.002 0.001 0 0 5 10 15 20
« (a/L)? 2 —(a/L? 2o
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in some renormalization scheme:

Our scheme to match QCD and HQET

QP (my,) = Co(mn, ) x QT (1) + O(1/my)

QP (M) = Co(Mn/A) x Q
where

Rar T +00/My)
Ca(M/A) = exp { / "*dxvm%c;@)

to eliminate scheme dependence, parameterize matching relation in terms of QCD RGls A, My,

Example: static decay constant

}, F=Pm), me=mm), w=m

R
Fpsy/mps = Cps(M/A) x Xgrar ,

Xrar o (0|A3™*|PS)
P. Fritzsch

Benasque, Aug 2015
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Conversion functions in the matching scheme ift
C)“{lp for n = 2 (dashed), n = 3 (solid), n = 4 (dash-dotted): z = L1 M, L1 Agg = 0.629(36)

1 1
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w/ conversion functions Cq (M /A)

effective masses I'

decay constants Ypg, Yy
spin splitting

ratios of heavy-light currents

STATIC EXTRA-
POLATIONS

w/o conversion functions

VS. ratios of same heavy-light currents with
HQET different kinematics

static extrapolations
junconstrained only!
QQCD (%)
2t - Cal(z)

heavy-quark spin symmetry <> B, B* degenerate

~ QHQET 4 O(1/2)

P. Fritzsch Benasque, Aug 2015 =



Extrapolating effective meson masses ift
Llos(2,00)/2Ca (2

1‘4}\ LA B B R ‘I‘ ‘1‘ T T i{
12F JUERRI S ] Ipg = *50111[(0\140(%0)\13)]1022
r /g;if—"’ <] 2
1}\ \57\7 T T T T T Y T O | \6\“:\1\ \E
:\ LA B B ) B B B \9\0;0\.5\: QQCD 0 1 1
12F ] # = Q[O] + Q[1]7 + 9[2]72
[ IR = = = = Z'Cmass(z) 2 2
T ] 1/2 < 0.26
R
L2r m=o 7 14+0(1/z)
B A :: T *]
0‘8}\ PO S T T O S T HO N S S NS M \E
0 0.1 0.2 0.3 0.4 0.5
1/z
0o € {0,0.5,1}
data: statistical errors only!
P. Fritzsch Benasque, Aug 2015 = = = 12



Extrapolating effective meson masses ift

LTps(z,00)/ 202 (2) ——n=2—-—n=3
T N A
12f P ] FPS:*501n[<0‘A0(x0)‘B>110:I

P T =] 2
3 ST DT D e

R e PAE Q90D . 6, . )
Lok ] % — ol ol ol L

n S = = = =] Z'Cmass(z) z z
T ] 1/2 < 0.26
12;}1111}1111}1111}1111}1111};
20 w=0 ] 14 0(1/z2)
11:::**11215::::: Tt 1
L T U DT [ verified within total error budget ]

0 0.1 0.2 0.3 04 05 9e

1/z
0o € {0,0.5,1}
data: statistical errors only!
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Extrapolating effective meson masses ift
LD (z.00) /2032 (2)
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data: statistical errors only!
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I'p=-dIn [(0|P(m0)|B>]ZO:§

QCD
Q277 (= 00) _ o gl gl
2 Chiask (2) z 2
1/2 <0.26
14 0(1/z2)
[ ... verified within total error budget ]
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Extrapolating effective meson masses ift

L (e )
1‘4;\““\““\““\‘I“I‘\““ig
12] i 1 Ly = =80 In [(0|Vk(20)|B")],
[ a7 ] 2
12; 00 =05 ; QQCD(Z,G(]) _ Q[O] J,_Q[l]l +Q[2]i
= e s - 2 Chatk (2) z 2
T S 1 1/2<0.26
R
L2 w=0 3 140(1/2)
p[oeemmrTilT T =1
0 01 0.2 03 04 05 [ .. verified within total error budget ]
1/z
0o € {0,0.5,1}
data: statistical errors only!
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Extrapolating effective meson masses ift

Tps(z,60) /Ty (2, 60)

L L B B B B B T
I =1 7
0.9F o E r )
E . E ps(z;fo
0.8F < E QP (z,00) = Lrs(z,%)
“E - 3 1_‘\/(2790)
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e T d=0 7 14 0(1/2)
09 - . E
0.8F <L ]
0.7F .7
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1/z
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data: statistical errors only!
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Ratio pseudoscalar/vector decay constants ift

FPS/xr(z,ﬁo)/CSQ}S(Z)[ =2 n=d —eensd ]

L Yes(2,00) [T _ f B
1Fs bo=1 1 L—oo Yy (z,00) 00=0 fB* \/mB*
0.8F I <]
06F e 1 1
B e e R e Yps (T'ps 2
1:‘;\ | | ‘ Tmlos ] Fps/v(2,00) = Yv (Fv
08F TR - -
r o ] QCD
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I BT SR RS S S B TS B R | Cnflp( ) 2z Z2
LI B R R B LN \0\ LO‘ ™ PS/V z
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1/z
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data: statistical errors only!
: y Notice: bad convergence[24’ %]
C;g/{)r(ﬂ) known to n = 4 loops
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Ratio pseudoscalar/vector decay constants ift

FPS/V(Z,%)/CSQ/I%(Q[ =2 n=d —eensd ]

o Yes(200) T fa ymE
1Es mot g 1500 Yy(2,00) lgy—o  foe /ime
0.8} S ]
06F e 1 1
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T Tty F 00) =
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08f TREIL s =
r o ] QCD
06h S I Ul G0 B (RIS P
B b b b b 1 d Cnflp( ) 2z 22
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1F Sioo ] o = E
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0.8F T g 2 1
06 ;\ T T T T T S S [N N Y S} \E 1 + O(l/Z)
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1/z
0o € {0,0.5,1} [ ... verified within total error budget ]
data: statistical errors only!
v Notice: bad convergence[24’ %]
(“;q/\/ (z) known to n = 4 loops
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Eff. pseudoscalar & vector decay constants |
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Eff. pseudoscalar & vector decay constants Il
Observations:

heavy-quark spin symmetry at work, lim; ;. _,o[Yps/Cps] = lim; /. _,o[Yv/CV]
all data points (2 < z < 21) well represented by quadratic function

Yps(z,00) _

but no reason to believe that O(1/2%) terms do not contribute at z < z¢
Cps(z)

(resulting in smaller error in static extrapolation which may be misleading)

Xrar(0o)[1 +O(1/2)] ,

Yy (z,60) _

Cv(z)
difference slightly descreases for C2~10°P — ¢3—loop

Xrai(o)[1 + O(1/2)]
2 explanations: statistical effect / matching functions Cx only perturbatively known

P. Fritzsch
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Observations:

Eff. pseudoscalar & vector decay constants Il

heavy-quark spin symmetry at work, lim; ;. _,o[Yps/Cps] = lim; /. _,o[Yv/CV]
all data points (2 < z < 21) well represented by quadratic function

(resulting in smaller error in static extrapolation which may be misleading)
but no reason to believe that O(1/2%) terms do not contribute at z < z¢
Yps(z,00) _
Cps(z)

Xrar(0o)[1 +O(1/2)] ,

Te&20) — Xrai(6o)[1+0(1/2)]
difference slightly descreases for C2~10°P — ¢3—loop
2 explanations: statistical effect / matching functions Cx only perturbatively known
NP data vs. PT conversion functions

. Z3%er .
N = pe X
RGI Zf;at @ ) r(K)
cont.

for PT running [Z5'%

stat
ARG/ ZA

stat NP
|: ZA,RGI
Zstat 0
A ('l) cont.

=0.875(7) atpu =1/L,

(w)] (3/2-loop) = 4% downward shift of static results

P. Fritzsch

Benasque, Aug 2015
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B*—B mass splitting

0.08

0.06

0.04

0.02

linear, quadratic & cubic extrapolation in 1/z
forz > 13,z > 4 & z > 3 resp.

P. Fritzsch

Benasque, Aug 2015
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1/z 1/z
0+0(1/2) subleading effect (o< 1/2)

logarithmic corrections Cpi, not canceled

but still, fit ansaetze describe data well
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Ratios w/o conversion functions | ift

exhibit unambiguous static extrapolation compatible with their heavy quark mass expansion
data typically very well described by Q(z) = vo + v1 2 4 uez72 vz
Note: non-trivial, non-perturbative static HQET prediction (black points)

R ‘ 2 ¥

] [ 2 i

7 12F yf’{{ ot B

11 & T g 1

] ié { = . 2 & ]

SERLEE Zrd” * ]
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] L ] S T I S S TS TS SN S S SR S | 1

5 0 0.05 0.10 0.15 0.20 0.25
1/z
Yps(z,601) s Yv(z,01)

Yps/ps(z,01,02) = ———"—= ~ R¥*(61,02) + O(1/2) ~ ————= =Yy ,v(2,01,02)
Yps(z,02) Yv(z,02)
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Ratios w/o conversion functions | ift

exhibit unambiguous static extrapolation compatible with their heavy quark mass expansion
data typically very well described by Q(z) = vo + viz  +uaz72, V2
Note: non-trivial, non-perturbative static HQET prediction (black points)
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L == # 2 b3 57
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[ excellent agreement strongly advocates such observables (free of PT imperfections) ]
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Ratios w/o conversion functions Il Iﬂ-.

(01,02) € {(0,0.5),(0.5,1),(0,1)}
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L +R://;(z,91,€2) E//}/ 4 168: ,’/ %%%%-ﬁ 47
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Ratios w/o conversion functions Ill Iﬂ-.

(PSIPS(z,01))
(PSIPS(z, 02))

Rf(2,91,92) NR?M(GLQQ)-i—O(l/Z) 5 k<« V

—— Rp(2,0,0.5) 8 Ry(2,0.5,1) =+ Ry(2,0,1) = Ry(2,0,0.5) —0- Ry(2,0.5,1) =~ Ry(2,0,1) \

i e S| I ]
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2.6 - sk 1 26 1
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sol Egﬁ g ] T gﬁ %:
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) 8: ﬁi?;.;.. g ] 18: »»»» ﬁﬁ:i;—:i ¥ ]
1.6: ] 1,(1': ]
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data well represented by quadratic interpolation
may lead to underestimated errors in static limit of heavy-quark expansion not respected

i
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Summary ift

we have studied continuum, large-mass asymptotics of heavy-light meson observables

(Nt = 2 massless QCD in small volume, L1 = 0.4 fm)

strong numerical evidence that a universal CL of static effective theory exists

HQET predictions consistently modeled by linear functions in 1/z (1/z < 1/10)
numerically demonstrates the applicability domain of HQET incl. O(1/my,) at my,

key ingredient of ALPHA Collaboration’s B-physics programme

static extrapolations via Zn Oviz*i generally stable for data in [0,n - Az], Az ~ 0.13
i=

safer not to use PT conversion functions Cpg, Cv/

otherwise inconsistencies might arise at non-perturbative level

logarithmic heavy-mass dependence vs. 1/z power corrections

avoided by non-perturbative finite-volume matching of QCD & HQET a la ALPHA

exploring size of higher-order correction helps to improve HQET-QCD matching relations by
minimizing O(1/m?) contributions
presented results will be published soon #%!
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The Schrédinger functional coupling

Euclidean partition function

z= /D[U,E, ] e~ SWUB = (o]~ TH plo)
TxL3
with periodic BC in L?
and Dirichlet BC in T' (breaking translational inv. in time)
renormalization scale p o< Lt (for step-scaling)

mass-independent scheme, ...

¢1 0
Abelian boundary fields: C, = | 0 ¢2
0
SF coupling
defined as variation of effective action I' = — In Z[C, C],

or __ const
on n=0 £7§F(L)

for non-vanishing boundary gauge fields C, # 0 # Cj,
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xo=T
X0=0

-
0 ¢, 0 0
0];C,=10 ¢5 0
b3 0 0 O/S

for details seel?61—[31]

26



