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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 B lifetimes and mixing, we use the Heavy Quark Expansion

Op Op
Ty, = 3(Ops) + r5< D25> + T
b
q W- b
B, ty At
-
b q

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

» 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
w contributions from gluon disconnected diagrams

= mixing with lower dimension operators in renormalisation

Recent Developments:

> = spectator effects in b hadrons
w focus on lifetime ratios for both B mesons and A, baryon

w isospin breaking, (B|O? — OY|B)

w position-space renormalisation + perturbative matching to MS

» this work,
w goal is individual AB = 0 matrix elements for B mesons

w non-perturbative gradient flow renormalisation

w perturbative matching to MS in short-flow-time expansion
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Strategy 4

A\

Use 6 RBC/UKQCD's 2+1 flavour DWF + lwasaki gauge action ensembles

\/

For pilot study, simplified setup without additional extrapolations

w physical charm and strange quarks = simulating a charm-strange meson
Stout-smeared Mobius DWF for charm
Neutral charm-strange meson mixing = proxy to short-distance I mixing up to spectator effects

Charm-strange meson A () = 0 operators = D, meson lifetimes

Y Y VY Y

Non-perturbatively renormalise four-quark operators via gradient flow evolution

w Match to MS with perturbative coefficients in the short-flow-time expansion
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Gradient Flow — Short-Flow-Time Expansion

» Well-studied for e.g. = energy-momentum tensor
= neutron EDM
» Re-express effective Hamiltonian in terms of 'flowed’ operators:
q,v, b

Hers = Z CrnO, = Z 671(7—)671(7->

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

5n(7') = Z Cnm(T)Om + O(T)

m

3 G 1O () = (O (1)

» Matrix element (O,,)(x) in MS found in 7 — 0 limit = 'window’ problem
w |arge systematic effects at very small flow times

w |arge flow time dominated by operators o< O(7)
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Matrix Elements with Gradient Flow (Schematic)

‘ For a set of lattice ensembles with varying bare parameters

/- 

{Evolve gluon and fermion 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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A () = 2 Bag Parameter Extraction I

» Three-point correlation function:

3pt _ (Pn| Qi| P ) (7) —(AT—t) My, ,—tM,y (P)? _ ~ATM
Cor (AT T) = Z AM,, M, ¢ ¢ t0<<tz<_7o>+AT 4 M2 (Qa(r)e

n,n’

» Measure along positive flow time 7

b q
/—K /—4\
V5 5
\»__/ M/
q b
to t to + AT
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A () = 2 Bag Parameter Extraction I

A M2, a ! =2.3833 GeV
M2, 7/a* = 1.50
D2-O1 Bag = 0.9321(12), Xﬁdof = 0.576[3], pval = 0.631

preliminary } } H*H } } } % }

2 4 6 8 10 12 14 16 18 20 22 24 26
time slice
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Mixing O; vs GF time and Continuum Limit

Cl,a™! = 1.7848 GeV
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F1S, a~! = 2.785 GeV
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» operator is renormalised in ‘GF’ scheme as it is evolved along flow time

» different lattice spacings overlap in physical flow time
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Mixing O; vs GF time and Continuum Limit
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» operator is renormalised in ‘GF’ scheme as it is evolved along flow time

» different lattice spacings overlap in physical flow time

» continuum limit well-controlled at positive flow time ¢
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Combine with perturbative matching — MS

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

(N’)n(T) = Z Com(7) O+ O(7)
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Combine with perturbative matching — MS

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

(N’)n(T) = Z Com(7) O+ O(7)

~

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

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

(N’)n(T) = Z Com(7) O+ O(7)

m

. s 11 n=3GeV
CBl (:ua T) =1+ Z (_3 - 2[’#7) R EI\JI(;O
0.9 4 — +a? logs
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Mixing O; Matched Results

w=3GeV
» Promising first signs of agreement 090

stat. errors only

$ NLOMS B,
w statistical errors only NNLO S B,
o 0.85 B +a? logs
» Different perturbative orders L B +ollogs
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A () = 0 Bag Parameter Extraction

Q; b b
V5 V5
\_< \< —
q q
to t to + AT
T
q b
Y5 V5
E— —
q b
to t to + AT
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A () = 0 Bag Parameter Extraction

» Bag parameters for Q; extracted as for AB = 2 operators

1.250

A M2, a7 ! =2.3833 GeV
M2, 7/a* = 1.50
1.2454 DO0-O1 Bag = 1.2247(21), Xﬁdof = 0.152[3], pval = 0.929
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Lifetimes O; Operator vs GF time and Continuum limit
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» operator is renormalised in ‘GF’ scheme as it is evolved along flow time

» different lattice spacings overlap in physical flow time = mild continuum limit
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Lifetimes O; Operator vs GF time and Continuum limit
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» different lattice spacings overlap in physical flow time = mild continuum limit
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A () = 0 Bag Parameter Extraction

» Three-point functions for 7; have different functional form

0.185 - A M2 0! =2.3833 GeV
M2, 7/a? = 0.70
- DO-T1 Bag = 0.1713(7), x2, . = 1.223[3], pval = 0.299
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Lifetimes 77 Operator vs GF time and Continuum Limit

» first attempt at 7}
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» larger systematic effects in correlator fitting
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Lifetimes 77 Operator vs GF time and Continuum Limit

» first attempt at 7}
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» larger systematic effects in correlator fitting

» steeper continuum limit
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Lifetimes (D1 Matched Results

w=3GeV
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Lifetimes 7} Matched Results
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Summary

» AB =0 four-quark matrix elements are strongly-desired quantities

w \\e aim to use the fermionic gradient flow as a non-perturbative renormalisation procedure

» Shown first analysis for short-distance charm-strange mixing and charm-strange lifetimes
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AB = 2 Operators

» Full BSM basis:

_ _ - 8
Of = 19" (L = 25)¢* V(1 =), (Of) = (BJO]|B,) = =/5,Mp, B

2
Mg,

9 _ 3o o o 713 o N _ /T q — 2 M2 Bq

02 b (1 75>q b (1 75)937 <02> <Bq|02‘Bq> 3<mb+mq>2qu By2
2

g _ To o 18 o e 9\ T q — By 2 M2 Bq

O3 = b*(1 75)qﬂ V(1 —5)q", (O3) <Bq|(’)3|Bq> —3(mb+mq)2f3q B, D3
_ _ _ [ 2M§q 1

Of = (1 =) ¢" V(1 + 75) ", (Of) = (B,|Of|By) = Ty + + g] 15, M3, Bi.

q T 18 « q T q ZMJ%Q 2 2 q
O5 = b"(1 - 75)qﬁ b (1 + )4, (O5) = (B,|O5|B,) = W +1 quMBqB5'

q
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AB = 2 Operators

» Transformed basis (colour singlets only)

Qf = b*v"(1 — ) ¢" 7, (1 —75) ¢,

QF = ™" (1 = 75) ¢ V(1 + )¢, gi (1) 8 8 ? 8 g
Qf = (1 — ) V(14 ), (92F ={o o o -1 1 Q;Q?
Qf = 0(1 = 5)¢" V(1 — 75) ¢, Of 00 1 0 0 i
Qi = 1B%W(l — )¢ Vol —5) ¢ 05 0= 0 0 0/ \&

4
» Advantages for both lattice calculation and the NPR procedure

» We are only concerned with parity-even components which then can be transformed back to SUSY basis
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AB = 0 Operators

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

Q1 = 71 = 75)¢" Pyu(1 — 75)P, (Qf) = (B, Q1| By) = f3, M5B,
i Mg, o
QF = b"(1—5)q" (1 — )0, (@3) = (By|Q3]By) = meqMqug’

TY = 09" (1 =) (T ¢ Tyu(1 = s)(T)°0, (T{) = (By| T{|By) = f5, M}, i,

2

_ 7« a\af — a\vd 1.0 _ _ By 2 2
Ty = b0*(1—5) (T ¢ (1 —45)(T)°0, (T5) = (By| T3 By) = meqMqug-
» For simplicity of computation, we transform to a colour-singlet operator basis:
Q1 = bl = 5)¢" Pyl —75)0 Qf 10 0 0\ /o
Qs = (1 —%)¢" (1 +5)07) o I O 0 0 s
71 = 0"7,(1 = 75)b" Pyu(1 —75) ¢ T -5 0 =5 0) [~
7o = B 7u(1+75) 6" @7(1 = 75) ¢’ Ty 0 —a 0 3/ \%
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Lattice Simulation

» We use RBC/UKQCD's 2+1 flavour DWF + lwasaki gauge action ensembles

L T a'/Ge&V —ami®™  am¥ M;/MeV srcs x Neons

S

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 32 x 89
M3 32 64 2.3833 0.008 0.030 411 32 x 68

F1S 48 96 2.785 0.002144 0.02144 267 24 x 98

» For strange quarks tuned to physical value, am, < 1 ¢/ = Shamir DWF

» For heavy b quarks, am, > 1 = large discretisation effects X
w manageable for physical ¢ quarks instead
= stout-smeared Mobius DWF
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