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Inclusive/exclusive tensions

FLAG2023

» Exclusive measurements (shaded bands) from a single decay channel

4_5-f B - D"{v
- B - Dlv Inclusive

» Inclusive measurement from summing over all (semileptonic)
channels. This is quite difficult theoretically!

2 Persistent 3o-tension.
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Theory predictions for Inclusive Lifetimes
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Theory predictions for Inclusive Lifetimes
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Why now?

Spectator Effects
| 7(Ap)/7(Ba) )
| ]

W other

Fig. 9 Composition of the theoretical error in the HQE pre-
diction of the lifetime ratio 7(Ap)/7(Bg)-

“Here, clearly, future lattice QCD evaluations of these
|[dim-6| matrix elements would be highly desirable.”

|J. Albrecht et al, 2402.04224|
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compare against time-tested methods
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For newer methods (new systematics) it’s good to




Why now?’

Spectator Effects
| 7(Ap)/7(Ba) )
| ]

W other

Fig. 9 Composition of the theoretical error in the HQE pre-
diction of the lifetime ratio 7(Ap)/7(Bg)-

“Here, clearly, future lattice QCD evaluations of these
|[dim-6| matrix elements would be highly desirable.”

[Ge\/z]

T—o—i

dI’
dg?

(\O]
T T T T
|

— V-A OPE

247/ (|q| G} |Vcb|2)

0 -_I ||||||| | 1 1 1 | 1 1 1 | 1 I 1 | 1 1 1 | I 1_-
0.0 0.2 0.4 0.6 0.8 1.0 1.2

q° [GeVz]

For newer methods (new systematics) it’s good to
compare against time-tested methods

|J. Albrecht et al, 2402.04224] |Gambino et al 2203.11762]

@ Experimental measurements of the inclusive decay rates are performed by fits to OPE matrix elements

[HFLAV, 1909.12524]
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Spectator Effects

|[Review: Neubert Sachrajda, hep-ph/9603202]
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Bare matrix element fits

@ x 102 RB(O{J/—A o %—A) « 102 RB(O%—P o g—P)
) } E 3 X
1.5 1.5
%fig I I
Tsrc Top Tsnk 1.0 A EE £ EE EE E 1.0 -
"= % S,
i %ﬂfﬁ%ﬁ
0.5 1 0.5
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e Correlation functions computed for / 3 ) RE(TE p— T )
. . 10~ 10~ -
Wilson flow times a=%t € {0.5,1.0,2.0} : T - 251
@ Coupled two-point and three-point fits 07 EI
on various fitting ranges, AIC to choose il fﬁ ﬂﬁﬁﬂ%ﬁﬂ: Tl
how many excited states to include on 1 Ll l m20° T Jf
each fitting range AR T —5.01 S
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[J.Lin, W. Detmold, S. Meinel: 2212.09275]
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Renormalizing Lattice-HQET

Lattice Perturbation
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Theory
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P |Ishikawa et al, 1101.1072]

Potentially poor

convergence properties

| | » Long history for light 4q b Requires additional

’ » Gauge-fixed

Nonperturbative Renormalization

Schrodinger-Functional
Dirichlet Boundary
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» 4q HQET operators
|Lin et al, 2404.16191]

» 4q light operators

i |Constantinou et al, 2406.08065]



A2 TR

b-Hadron
Lifetimes

( EFT MEs)

!

\ Bare MEs}

LQCD

ensemble

The scheme for four-quark operators

%k Requires three-point renormalization condition:

(Jax) O (1 = x5 00 3(=x0))  (J(x0) 0} (0)5(—xp)) .
()T H(=x0)) ACHYACES) S F
Measure(.i on R : <Ja(XO)@§O)(O)J;(—X())> _ Zl](lu _ xo_l) <Ja(x0)@](X)(ﬂ — Xo_l,O)J;(—x())> _ Zij(xo)]},a
the lattice (Ja(xO)J;(—xO)) (Ja(xo)-];(—xo»
Zij=M;,T,;

% Ratios are nice because Z-factors of source cancels, and linear divergence of Wilson line cancels.

% Sources need to be chosen so that the tree level matrix is invertible, otherwise don’t have enough
constraints on the Z-matrix. Need baryonic sources, otherwise the colour-mixed operators will have
vanishing matrix elements.

05 — <QTay,uPLQ> (qTay”PLQ) 0; — (QTaPLQ) (qTaPRQ)
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Rough schematic of the calculation
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\Jare MEs/ | J @ ry! ay! (=pp)(= (pr = DD = (P — K (=PP(—K) @\ Lo Two-loop
e > ;Y b -  master
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ensemble | [J.Lin, W. Detmold, S. Meinel: 2404.16191]
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A2 TR

b-Hadron
Lifetimes

( EFT MEs)

!

\ Bare MEs)

LQCD

ensemble

Four-quark operators determining spectator eftects in inclusive lifetimes

0{ = (Q7,PLa9)(T;7,PLO),

0§3= (OPqp)(GPRO), [ lgB) | am 4 8 0 _3logB) | 5 _ 3 -5 \
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(MS; X) ._ (MS) / (X)y—1 B
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k

Four-quark operators determining B-mixing
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Window Problem (I) : Two-point

» Window Problem where V/x? <« AaéD is required to control perturbation-theory errors appearing in the

1.1 -

1.0 -

0.9 -

0.8

perturbative matching to MS, and a < V/x? is required to control discretisation artifacts.

» RBC/UKQCD 2-+1f Domain Wall Fermion, Iwasaki action configurations were used |hep-lat/1411.7017|,

M(E+)/B(0)

Name Volume 1/a (GeV) am, 4, am N
241 243 x 64(x16) 1.785(5) 0.005,0.04 228
321 323 x 64(x16) 2.383(9) 0.004,0.03 239
321F 32° x 64(x16) 3.148(17) 0.0047,0.0186 97
A1(37)/B(0 ™) N2(37)/B(0 ™) , , . .
1.2 1.2 » Ratios of two-point functions cancel the static
- | ¢ quark selt-energy divergence. Bare ratios of Z-
| et ' factors shown in blue
1.0 +———— : 1.0
+ T
3\ 0o - ' { 2 One-loop run values are shown in red, with
approximate plateaus for separations 2 <t <6
S 2 4 & 8 10 "0 3 4 & 8 10 shaded
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Window Problem (II) : Four quark operators 12
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Blue datapoints : Zij(,u2 = (b — fsrc)_z)

Red datapoints : Renormalization constants RG-run to a

i
q
e
T =
A\ 4 L\

common scale using O(ag) anomalous-dimension.

DO
W
o -
o

T » Dashed vertical line : A(S%:D, where perturbation theory should
_ break down.
1 6 s

» As At —» 0, Z — identity matrix.

Some non-plateau behaviour in off-diagonal renormalization
constants

¢

i

ol

T ——
L\

» May require O(ag)—anomalous dimensions, or O(a)-improvement

of lattice operators
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Outlook

@ Matching between X-space and MS computed for spectator-effect four-quark operators and B-meson mixing four-quark

operators in Heavy Quark Effective Field Theory.

@ Window problem investigated, approximate plateaus found.

/ Bare matrix elements fitted at \  /Renormalized in X-space scheme

fixed lattice wilson-flow time to MS-scheme \G—run to p =my,

OQuantification of errors:

O Continuum Limit, chiral extrapolations

O00(a) mixing with dimension-7 operators, O(ag)-anomalous dimensions
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X-space schemes BACKUP

OOU? = (1, — 1) 2) [J.Lin, W. Detmold, S. Meinel: 2404.16191]

» Due to the mixing between the four different operators, four

nondegenerate sets of source/sink interpolators are needed to

Tsrc Top Tsnk determine the entire mixing matrix.
— Tree level value

' > ' » Different choices of source/sink sets lead to different
'\ / renormalization conditions.

1 —< |
T — Tsrc T = Tsnk
H;(07) :q75Q
% SU(2)h{ R
n| Jn n Hf,z- (17): Qf’YiQ
(V5 ) Z 70) (700 - 1 Ll Hy | iy A (37) s e g Oysd1Q
i, n€{1234} o k] n€{1234} o | 1= | -
1 <5> 31og(8) mewnir Sra (3 ) - € la* 30 hins Q"
o) 4 0 3 D)
( g7r + S;T + 371' 0 _% T 8T - Ar \ 3 Al Z2,0 U(Z)h Eiaz %"‘ : eabc[anT&S‘C%;qb]Qc _ %Eabc[anTAC’)’jqb]Vi’)/ch,
log(B) | 4 8 1 _ 3l g(ﬁ) i -
o (le) O - T _|_ én- —I_ 3_71' _16_71' . _|_ = 8 4 Elaa El>a i
S log(8) 4 B % _9i log(,B) 4 ’ig 4 gi _% SU(2) 22,0 % : eabc[anT§C707iqb]7i75Qcy
T T T T T h * + aoc| ,a & aoc| ,a C
\ _ L _log(B) 4 2m 5 _ 3 log(B) 4 Ir 77r 4 ) S50 (2 ) 1 €™la™ 75 C107a”)Q° — 5€*[q™" 73 C075a" i Q°,
367 67 27 187 167 247r
I i
(B =e e
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Master integrals and blocks

%k Master Integrals look like:

1) (Xp, Xp; 1y, Ny, 113) =

dd Py dd Pr ¢'PLXLp ~IPRXR |
(agrees with |V .Costa et al. hep-lat /2102.00858])

2r)* (—pp)"(=pp)( — (pL — pR)?)™
—F(% —n)l'(d — n; — ny, — ny)

: d d —(x; — 2
X; — X1 Xp)
(—xp) T 3J dx(l —x)) 727" x i | ——n,d—ny —n, —na,

L(np)l(ny)1(Artrtrond 0 1 2 2" (1= x)xz

dd Dy dd Pr ¢ ip; Xy e —IPpXp
Typ(Xg, Xg3 1y, Ny, 3) = J

2r)*d (v p ) - ppy(— (pL — pr)?)"™

d
1 F(_ — n3) Ve(lx, —Xx
= y 2 F, | ny,d —2n5,n; + n,, 0, ~ Xg) (—iv - (xp — x7)) " 1HIH(— (v xL)z)_%+”35 Vv (g = xx)0( - (xR — xL) > 0)
4rsgz I'(m3)l'(ny + ny) VX
%k Building blocks look like:
k
M
_ 2 odsd g 1 —1 1010g2—310g7z—3yE) < -1 3+410g2—610g7z—6;/E> ( 1 —1—210g2+310g7r+3yE)

_%o ? fz ST [(327:66 ¥ 6476 DO+ Fm0e T 12816 $0)+ \ Tagte * 2567% arrarh
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Evanescents BACKUP

% In any dimensional-regularisation scheme, you have to contend with evanescent operators:

b-Hadron a : dk  —i 149 i . A
Lifetimes f B / (27)% k2 + ie ( 2 hL (p — k) + e (197, T )> b
f _ . ' 1

1 (@.T200)(@.T Q) (G )
| cd

(EFT ME P1 P2 Q 1+ 1+
| e N Proyird) (T4 ) + o)
; 8Te 2 b od
I b C
| %k These are operators that vanish at d=4, but still have finite contribution to any renormalisation scheme
| Bare MEs

! E:= (Qr,Pry.1s0)@ysr.7,PLQ) — 40,

1 Ey:= (OP;7,750) @57, PrQ) — 40,,

| Ey:= (01,P1775T"0)@ys1,7, P T Q) — 40,
Ey:= (OPpy, 7T q)@ysr,PrT*Q) — 40,

% For regularisation independent schemes, you need to match evanescent-subtracted operators (as continuum

LQCD

ensemble

evanescent operators have no analogue in lattice discretisations)
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Position-Space Scheme

/b [Ishikawa et al, 1101.1072| Two-step matching procedure

Heavy Quark Expansion

)

7

continuum QCD continuum HQET| ™,

A (CQCD) (= my (CHQET)

J \,

continuum HQET lattice HQET ™
“.] (CHQET) |[,—,7 (@HQET) [ /|

J \,

X-space intermediate scheme
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Position-Space Scheme BACKUP

" & |Ishikawa et al, 1101.1072] Two-step matching procedure : Dominant O(I/mg) contribution come from phase-space

Heavy Quark Expansion , enhanced Spectator Effects where light quarks contribute |
» ) e D A ST R s j S . ‘ -.:\ | .‘ b b |
~ | continuum QCD continuum HQET[ ™, " " > L
] (caoo)  [i=m|  (cmqET) | q 01 = (BarPua) (an,Puby )
— q —
RG-evolution IOPE 0, = (b LQ) (?]PRb )
—

~“|continuum HQET lattice HQET ~ 11
(CHQET) ,u:a_l (LHQET) {1

S

X-space intermediate scheme
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Position-Space Scheme BACKUP

" © |Ishikawa et al, 1101.1072] Two-step matching procedure : Dominant O(I/mg) contribution come from phase-space

Heavy Quark Expansion | enhanced Spectator Effects where light quarks contribute ~'
» ) A SR R TS T G A A ety S T— \ . 1 b b |
~| continuum QCD continuum HQET|" > > > B
.l ©aco)  Ju=mi|  (cHqED) | _ q 01 = (ByrPra) (@r,Pibs )
— ! q B )
| RG-evolution. . IOPE 0, = (b, P.q) (qPgb, )
~— — y i

#“|continuum HQET lattice HQET ~ 11
(CHQET) §=a (LHQET) B

S

» The static action suffers from a power-divergent mixing of

the kinetic operator hDyh with a mass term O(ag)hh/a

» This is cancelled in appropriate ratios!
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