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https://cds.cern.ch/record/2151262

Introduction 3

» B-meson lifetimes and mixing are measured experimentally to high precision:

7(B,) 7(BY)

= 0.998 & 0.005, —— 2 =1.076 & 0.004,
7(Ba) 7(Ba)
AM, = 17.741 4+ 0.050 ps !, AM, = 0.5065 £ 0.0019 ps™*,
AT, = 0.082 £ 0.005 ps— ', ATy = not yet measured

w Key observables for probing New Physics = high precision in theory needed!
» For lifetimes and decay rates, we use the Heavy Quark Expansion

» Factorise observables into = perturbative QCD contributions
= Non-Perturbative Matrix Elements

» We will consider four-quark AB =0 and AB = 2 matrix elements of dimensions 6 and 7

\

Two approaches: QCD/HQET Sum Rules and Lattice QCD (as part of RBC-UKQCD)

» Gradient Flow: A new method to match lattice calculations to the MS scheme using ‘flowed’ matrix
elements and a perturbative matching matrix along an auxiliary dimension ‘flow time'
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https://arxiv.org/abs/1909.12524

AB = 2 Operators 4

» Mass difference of neutral mesons AM, (q= d, s) governed by AB = 2 four-quark operators
» In the SM, only dimension-6 O contributes

; q T 8 T q
Of = 19" (L= 75)¢" V(1 = 5)d’,  (Of) = (B|O1|By) = <, M, B,

2

OF = (1 =) ¢* b°(1 —75) ¢, (OF) = (B,|O3|B,) = 3(my + m ) 5./5, Mz, B,
2

$=b"(1— V(1 —5)q" ) = (B,|O4|B,) = =—— 7. M}, Bi

O3 ( 75)f ( ¥5) 4", (O3) = ( q|O3| q> 3(mb+mq)2f3q B, D3>
_ _ [ 203 1

q __ jo o o 103 q By - 2 2 g
Of = b"(1 —5)¢" v°(1 +V5)qﬁa (0f) = <B [@x |B ) = (my + my)? + 3] quMBqB47

q_ jo 738 o q q QM%Q 2 112 Rd
Of = b(1 = 75)¢” B7(1 +75) ¢, (0f) = (B,|Of|B,) = S0 £ moE T | 18 Ma, B

q

» Matrix elements parameterised in terms of decay constant f and bag parameters B/

» Five dimension-7 operators contributing to A';: Ry, Ro, R
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https://arxiv.org/abs/hep-ph/9605259

Current Status: AB = 2 Matrix Elements (Lattice)

» Matrix elements are calculated directly from lattice simulations

(Of) = fs\/BI = B

» Higher precision in SU(3)-breaking ratios where some uncertainties cancel:

5.  Bi € = Js. v/ B
fo. B fp.V/BY
> reports on (Of) = tension between most recent 2+ 1 and 2+ 1 + 1 calculations:

Ny=2+1: fg/B; = 274(8) MeV,
Ni=2+1+1: fg\/B =256.1(5.7) MeV

> (OF%.) determined for N; = 2 and Ny=2+1
= WIP by RBC-UKQCD + JLQCD at Ny=2+1

» First lattice calculations for (Rj ;) and <;%2,3) from

w Suffers from large uncertainties e.g. from matching to continuum regularisation scheme
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https://arxiv.org/abs/2111.09849
https://arxiv.org/abs/1308.1851
https://arxiv.org/abs/1112.5642
https://arxiv.org/abs/1602.03560
https://arxiv.org/abs/2111.11287
https://arxiv.org/abs/1910.00970
https://arxiv.org/abs/1602.03560
https://arxiv.org/abs/1907.01025

Current Status: AB = 2 Matrix Elements (Sum Rules)

» In Vacuum Insertion Approximation (VIA), B! = 1 = write sum rules for B} — 1
» (Of) calculated with HQET sum rules = for AM,
= for A M,

> Averages for (O%*.) combining lattice and sum rules found in

» For (R33) and (Ry3), calculated condensate contributions
w \/ery small deviations from VIA

= Dominant 3-loop perturbative contributions missing

» Use HQET Sum Rules to determine perturbative part of dimension-7 matrix elements

CRC TRR 227 Project Clc

Matrix Elements for B-mixing and Lifetimes Matthew Black



https://arxiv.org/abs/1606.06054
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AB = 0 Operators 7

» For lifetimes, we consider the dimension-6 AB = 0 operators:

QF = "y"(1 = %) ¢ @ 7u(1 = 75)0, (@) = (B Q1|B,) = f5,Mz, Bi,
; M
Qf = b*(1 = 75)¢" (1 =)0, (Q3) = (By| Q3| By) = meq Mg, Bs,

T} = 5 (1 =) (T @l = 3 (T, (TH) = (B T B,) = 3, M5 el

2
By 4

T9 = 5(1 — v5)(T%)*? ¢ (1 — ) (T8, (Ty) = (B,| T4|B,) = meq Bq 2:

» InVIA, Bl=1and e/ =0

» Further dimension-7 four-quark operators, e.g.

P = my(5(1 — 1)) (@ (1 — 75)8°). §7 = my(B(1 — 75) (T )@ (1 — 33) (T 1),
P! mib(?)“%y W(L =)D ) (@ (1 — 5)8°), S§ = Wllb@a%yw(l—75)(7”)“5D”q/3)(q”7“(1—%)(7")7‘565),
Pi= (D1 =)D @A), Si= (0 DL = ) (T )@ (L4 30) (T)F)
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https://arxiv.org/abs/2109.13219

Current Status: AB = (0 Matrix Elements

» Sum Rules:
w Subleading condensate contributions calculated
w Matrix elements calculated recently = for B, mesons
= for B;, BT mesons
w ‘Eye’ contractions also determined for the first time in
w Dimension-7 matrix elements to be calculated
>» Lattice:

w Early lattice studies 20 years ago

w \\e aim to provide first AB = (0 matrix element determinations on the lattice

w Renormalisation of lattice matrix elements is non-trivial

w Need a novel scheme to renormalise matrix elements... > >
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https://arxiv.org/abs/hep-ph/9709386
https://arxiv.org/abs/hep-ph/9805222
https://arxiv.org/abs/2112.03691
https://arxiv.org/abs/1711.02100
https://arxiv.org/abs/2112.03691
https://arxiv.org/abs/hep-lat/9805028
https://arxiv.org/abs/hep-ph/0110124

Gradient Flow 0

» Formulated by = scale setting, RG [-function, renormalisation...
» Introduce auxiliary dimension, flow time ¢ as a way to regularise the UV

» Extend gauge and fermion fields in flow time and express dependence with first-order differential
equations:

0B, (t,2) =D,(t)G,u(t, ), B,(0,2) = A,(2),
atX(t7 I) - DQ(t)X<tv I)v X(()? ‘T) = Q(I)

» Re-express effective Hamiltonian in terms of ‘flowed’ operators:
q,1,b

Heff - Z Onon = Z 6n<t)5n(t)

» Relate to regular operators in ‘small-flow-time expansion’: r,p.c

(Ngn(t) = ZCnm(t)Om + O(t)
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https://arxiv.org/abs/1006.4518
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Gradient Flow

» RG S function: 0 _ . . . .
N,=2, ZS
2 N\ _ 2dg2GF . _tdgng o5l T =850 f |
Blgar) = 1o~ 5 = —t= : I 4=7.00
H I =620
. ) ) 4L p=6.00
» Define the gradient flow renormalised ! 3=5.60
coupling gar 3=5.20
p g g Q '1.5 B ﬂ=500
» Coloured data shows lattice predictions ) gfi'gg
at bare couplings i T =470
I continuum
» Grey band shows continuum limit 251 — — —1oop
—-—-—2-loop
-3 1 1 1 1 1
0 1 2 3 4 5

g2

continuum physics g éF

ctory

GFP » Need to remove UV fluctuations at small flow time

» Maximum flow time restricted to avoid

finite volume effects
action parameter space

» RG flows of different bare lattice parameters
bare action o approach ‘renormalised trajectory’ differently
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https://arxiv.org/abs/1910.06408
https://arxiv.org/abs/1910.06408

Matrix Elements with Gradient Flow (Schematic)

» Standard Lattice Calculation » With Gradient Flow Renormalisation

For a set of lattice ensembles with
varying bare parameters

For a set of lattice ensembles with
varying bare parameters

e -

=——————— - L

Evolve gluon and propagator
fields in flow time ¢

Calculate 2-point and 3-point
correlation functions

Y Y Y Y

Extract bare Lattice = MS Calculate 2-point and 3-point correlation

Matrix Elements Operators can mix functions for each discrete ¢

Y Y Y

A Extract GF Matrix
Continuum limit | Elements for each ¢

T AB = 0777
Y Y Y
Y =» \<
) {Continuum Iimit} < .MS
Final Result ‘ * * matching :
|

Final Result
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Project Plan

1) Sum rules for dimension-7 AB = 2 operators for mixing (Lenz, Pivovarov)

N

Sum rules for dimension-7 AB = ( operators for lifetimes (Lenz, Pivovarov)

w

Gradient flow perturbative matching matrix calculation (Harlander, Lange)

)
)
)
4) Flowed matrix elements from lattice QCD (Harlander, Witzel, Black)
w Use dimension-6 AB = 2 operators as proof of principle

w Dimension-7 AB = 2 operators and dimension-6,-7 AB = ( operators
5) Extrapolation to zero flow time (Harlander, Witzel, Lange)

6) B-meson phenomenology in the SM and beyond (Lenz, Harlander, Nierste)
w Analysis of SM predictions and comparisons with experiment
w Determination of CKM matrix elements and unitarity triangle parameters

w BSM physics in mixing and lifetimes
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Summary

» Covered the plans for Project Clc of the next funding application of the CRC

» First time calculations using HQET sum rules of dimension-7 matrix elements

» Pioneer a new Gradient Flow renormalisation and matching scheme between lattice and MS
» Validate this GF scheme with well-known A B = 2 matrix elements

» Provide first lattice calculations of AB = 0 matrix elements

» Study implications of theoretical predictions on the SM and BSM theories

Thank you for your attention!

CRC TRR 227 Project Clc

Matrix Elements for B-mixing and Lifetimes Matthew Black




