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Introduction 2

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

w Key observables for probing New Physics = high precision in theory needed!
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Introduction 2

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

w Key observables for probing New Physics = high precision in theory needed!

» For lifetimes and decay rates, we use the Heavy Quark Expansion
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» Factorise observables into = perturbative QCD contributions
= Non-Perturbative Matrix Elements
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Introduction 3

» Four-quark AB =0 and AB = 2 matrix elements can be determined from lattice QCD simulations

» AB =2 well-studied by several groups = precision increasing

w preliminary AK = 2 for Kaon mixing study with gradient flow
» AB =0 = exploratory studies from ~20 years ago 4+ new developments for lifetime ratios

w contributions from disconnected diagrams

= mixing with lower dimension operators in renormalisation

Using GF to Renormalise

Matrix Elements for Mixing and Lifetimes Matthew Black



https://arxiv.org/abs/2006.06999
https://indico.cern.ch/event/764552/contributions/3420565/
https://arxiv.org/abs/2212.09275
https://indico.fnal.gov/event/57249/contributions/270610

Introduction 3

» Four-quark AB =0 and AB = 2 matrix elements can be determined from lattice QCD simulations

» AB =2 well-studied by several groups = precision increasing

w preliminary AK = 2 for Kaon mixing study with gradient flow
» AB =0 = exploratory studies from ~20 years ago 4+ new developments for lifetime ratios

w contributions from disconnected diagrams

= mixing with lower dimension operators in renormalisation

1. Establish gradient flow renormalisation procedure with A B = 2 matrix elements
2. Pioneer connected A B = (0 matrix element calculation

3. Tackle disconnected contributions
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Gradient Flow 4

» Formulated by = scale setting, RG [-function, renormalisation...
» Introduce auxiliary dimension, flow time 7 as a way to regularise the UV

» Extend gauge and fermion fields in flow time and express dependence with first-order differential
equations:
O Bu(1,2) = Dy(7) Gpu(, 2),  Byu(0,2) = Au(a),
atX(Ta :I“) = D2<T>X(Tv I)u X(07 I) - Q(I>

» Re-express effective Hamiltonian in terms of 'flowed' operators:
q') l/‘ b

Heff = Z Onon = Z 671(7_)571(7_)

» Relate to regular operators in 'short-flow-time expansion': r,p.c

Ou(r) = 3" Cun(T) O + O(7)
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Matrix Elements without Gradient Flow (Schematic)

For a set of lattice ensembles with varying bare parameters

Calculate 2-point and 3-point correlation functions

A 4
Extract bare
Matrix Elements

Lattice = MS

Y

[Continuum limit }

Y

[ Final Result }
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Matrix Elements with Gradient Flow (Schematic)

For a set of lattice ensembles with varying bare parameters

/ 

‘ Evolve gluon and propagator fields in flow time 7 ‘

Y Y Y
Calculate 2-point and 3-point correlation functions
for each discrete 7

Y A 4 JV
Extract GF Matrix
Elements for each 7

Y Y Y
Continuum limit ¢k matrix

for each 7 calculation

\ JFinaI Result
Lat 7 =0 in MS
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Lattice Simulation 7

» We will consider RBC/UKQCD's 2+1 flavour Shamir DWF -+ lwasaki gauge action ensembles

L T a'/GV ams® ams® M, /MeV srcs X Neonf
Cl 24 64 1.7848 0.005 0.040 340 32 x 101
C2 24 64 1.7848 0.010 0.040 433 32 x 101
M1 32 64 2.3833 0.004 0.030 302 32 x 79
M2 32 64 2.3833 0.006 0.030 362
M3 32 64 2.3833 0.008 0.030 411
F1S 48 96 2.785 0.002144 0.02144 267

» Exploratory simulations on C1, C2, M1 so far

» To remove additional extrapolations in valence sector, we simulate at physical charm and strange

w "neutral D," meson mixing
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Lattice Simulation 8

» Fully-relativistic DWF for all valence quarks
» Strange quarks tuned to physical value (Shamir DWF)

» Heavy ¢ quarks tuned for physical Ds; mass (Mébius DWF)
= am, < 0.7 with stout smearing of gauge fields

» 72 wall sources for all quark propagators
w Sources for strange propagators are also Gaussian smeared

» Calculate non-eye weak 3-point functions
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Lattice Simulation 8

» Fully-relativistic DWF for all valence quarks
» Strange quarks tuned to physical value (Shamir DWF)

» Heavy ¢ quarks tuned for physical Ds; mass (Mébius DWF)
= am, < 0.7 with stout smearing of gauge fields

» 72 wall sources for all quark propagators
w Sources for strange propagators are also Gaussian smeared

» Calculate non-eye weak 3-point functions

» Valence simulations carried out using

» Implemented gradient flow in with 4D Laplacian for fermion evolution
» Gauge and fermion fields evolved with € = 0.01

» Measurements taken every 10 steps for 7/a® < 5
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First Look 9

» Look at Bag parameters and their behaviour with the flow time 7

Con (1, At 7)

R = — Bi(1),
= e amar—on 0
CEPY (1, AL,
Ry(7) O ( 7) — Bi(1),i=2—5

OB (L) CR(AT — 1,7)

» We seek a suitable window in flow time where the 7-dependences of flowed matrix elements and
perturbative coefficients cancel
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First Look -- Mixing O1 Operator vs GF time
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First Look -- Mixing O1 Operator vs GF time
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» different lattice spacings overlap in physical flow time = mild continuum limit
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Continuum Limit
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Continuum Limit
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» continuum limit very flat at positive flow time ¢/
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Combine with perturbative matching — MS

» Relate to regular operators in 'short-flow-time expansion':

Z CTLWL m + O )
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Combine with perturbative matching — MS

» Relate to regular operators in 'short-flow-time expansion':

Z CTLWL m + O )

~

D Gt 7O () = (O (1)
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Combine with perturbative matching — MS

» Relate to regular operators in 'short-flow-time expansion':

Z CTLWL m + O )

ART 2
Gl ) =1 +% (_3 — 2L, ) + 436;00 { 2376 — 79650L,,, — 2430012 + 8250, + 6000 ny L.
+ 1800 nyg L2 — 27757 + 300 nym? — 241800 log 2

L, = ¢ !
pr = + 202500 1log 3 — 110700 Lis (Z) ]

log(2p*T) + g, p= F

» Choose C'such that logs remain small
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Combine with perturbative matching — MS

» Relate to regul 0-91
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(ol 3

» Calculated at t
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» Choose C'such - [GeV*Z]
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Matched Results
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» Better choices for ;1 may exist to extend 'short-flow-time region'
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Summary

» AB =0 four-quark matrix elements are strongly-desired quantities
w Standard renormalisation introduces mixing with operators of lower mass dimension

w \\e aim to use the fermionic gradient flow as a non-perturbative renormalisation procedure
» Testing method first with A Q = 2 matrix elements

» Shown first simulations for AC' = 2

Next Steps:
» Simulate on all ensembles with multiple valence quark masses

» Extrapolate to physical B, meson mixing
» Repeat analysis for quark-line connected AB = (0 matrix elements

» Consider disconnected contributions
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