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Introduction
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Introduction 2

» B-meson lifetimes are measured experimentally to high precision

w Key observables for probing New Physics = high precision in theory needed!
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https://arxiv.org/abs/2402.04224

Introduction 3

» For B lifetimes, we use the Heavy Quark Expansion

D(Hp) =T I Do—2l 4 41672 I,

> are leading uncertainties for B lifetime differences
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Introduction 4

» Matrix elements of four-quark operators can be determined from lattice QCD simulations

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

w Preliminary AK = 2 for Kaon mixing with gradient flow

» A(@Q = 0 = exploratory studies from ~20 years ago
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AB = () — Lattice Sketch 5

» Start of calculation follows similar to operators for neutral meson mixing

w \\ell-established on lattice!

Q)

5

@
/‘b\
——

q

to t to + AT

Hy = (Os) = Hg

Heavy Meson Lifetimes from Lattice QCD Matthew Black




AB = () — Lattice Sketch 6

» Start of calculation follows similar to operators for neutral meson mixing

w \\ell-established on lattice!

» Gluon-disconnected diagrams

» ‘Eye’ diagrams

But

Statistically very noisy

w Modern computing speed and algorithms can help! ¢/
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AB = () — Lattice Sketch 6

» Start of calculation follows similar to operators for neutral meson mixing

w \\ell-established on lattice!
But

» Gluon-disconnected diagrams

Statistically very noisy

» ‘Eye’ diagrams w Modern computing speed and algorithms can help! ¢/
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» Mixing with lower-dimensional operators in renormalisation

Y /%

is?
w Power divergent = Notoriously challenging How can we tackle this?
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Gradient Flow
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Gradient Flow 7

» Introduced by
w Scale setting (1/8%), RG S-function, A parameter

» Introduce auxiliary dimension, flow time 7 as a way to regularise the UV

» Well-defined damping of UV fluctuations

7/a% = 0.00 - 7/a? = 16.00
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Gradient Flow 8

» Introduced by
w Scale setting (1/8%), RG S-function, A parameter

» Introduce auxiliary dimension, flow time 7 as a way to regularise the UV

» Well-defined damping of UV fluctuations

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

0B, (1,2) =D, (7)Gyu(7, 1), BL0,2)
atX(Tu JT) - D2<T>X(Tv l’), X(07 ‘T)

Au(l’)a
q(z).

» For use in renormalisation, there are two concepts:

w Gradient flow as an RG transformation

w Short-flow-time expansion
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Gradient Flow — Short-Flow-Time Expansion

» Well-studied for e.g. energy-momentum tensor
quark masses

» Re-express effective Hamiltonian in terms of 'flowed" operators:

Hir= CoOn =" Culr)On(7).

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

OH(T) = ZCnm(T)Om + O(T)
'flowed’ MEs calculated on Iattice"j
renormalised along flow time

S Gl )0 () = (On)(p)
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Gradient Flow — Short-Flow-Time Expansion

& (O)r)
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» Measure flowed matrix element (O)(7) on the lattice
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Gradient Flow — Short-Flow-Time Expansion
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» Calculate perturbative matching coefficients (5 (11, 7)
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Gradient Flow — Short-Flow-Time Expansion
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» Combine for ‘matched’ operator dependent on flow time 7 and renormalisation scale u
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Gradient Flow — Short-Flow-Time Expansion
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» Larger systematic effects at extremities
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Gradient Flow — Short-Flow-Time Expansion

T L LL L

T effects
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» Take 7 — 0 result = (O)M5(y)
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Lattice Details
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Lattice Simulation

» Exploratory setup using physical charm and strange quarks

w AB=0,2= AQ=0,2, for generic heavy quark @

» Exploratory study to test method = neglect expensive+noisy eye diagrams

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

L T a'/G&V  ami®  ami®  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 ¢/

» For heavy b quarks, am, > 1 = large discretisation effects X

w manageable for physical ¢ quarks using stout-smeared Mobius DWF
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Analysis and Results
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Bag Parameter Extraction

» In the Standard Model, four operators contribute:
O, =B ~1 Oy =¥ By ~ 1
Tl-)ElNO Tg-)EQNO

» Four-quark operators inserted in three-point correlation functions:

Q

Q
=
q

5 5

\q_/

q
to t to + AT

3pt B (PulOil P )(T) _ar—ymt, —enr, (P, —ATM
Co; (L AT,7) = Z AM M, © ‘ ottt AT A (Oi)(r)e

(O)

m2f2

» To extract bag parameters, normalise with two-point correlation functions =¥ B;
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Bag Parameter Extraction — Correlator Fitting
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» Matrix elements extracted for each flow time ¢/
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Bag Parameters vs GF time
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Lifetimes O Chiral-Continuum Limit
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» Highly precise data resolves sea quark effects = chiral-continuum limits

BE¥(a, M2, 7) = BT () + O 4 D [(M)? — (hphe?
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Oy Chiral-Continu

Lifetimes

um Limit
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» Highly precise data resolves sea quark effects = chiral-continuum limits

BE¥(a, M2, 7) = BT () + O 4 D [(M)? — (hphe?
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Lifetimes 73 Chiral-Continuum
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» Highly precise data resolves sea quark effects = chiral-continuum limits

BEF(a, M2, 7) = BT (1) + O 4 D [(M)? — (hpe?
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Lifetimes 7% Chiral-Continuum Limit
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» Highly precise data resolves sea quark effects = chiral-continuum limits

BEF(a, M2, 7) = BT 1) + O 4 D [(M)? — (hpe?
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Bag Parameters vs GF time
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» Well-controlled chiral-continuum limits along flow time ¢/
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Reminder: Short-Flow-Time Expansion

mmmmmmmmmmm

T effects

\

AL T T YT
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7 — 0 extrapolation * <0>m(u)
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Matched results: 7 — 0 extrapolation

» Combine continuum limits of lattice data with perturbative
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Matched results: 7 — 0 extrapolation

» Combine continuum limits of lattice data with perturbative matching coefficients ¢} (11, 7)
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Matched results: 7 — 0 extrapolation

» Matching can be done for any scale ;. = run back to 1y = 3 GeV for final results

NLO BMS RGE p — 1o = 3.0GeV
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Matched results: 7 — 0 extrapolation

» 7 — 0 limit should be RG-independent = perform combined fits to better control extrapolation

w Final result takes spread of all acceptable fits performed between 7,;, and Tax

NLO BMS RGE p — 1o = 3.0GeV
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Matched results: 7 — 0 extrapolation

» 7 — 0 limit should be RG-independent = perform combined fits to better control extrapolation

w Final result takes spread of all acceptable fits performed between 7,;, and Tax

NLO BMS RGE p — 1o = 3.0GeV
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1107 C j he é lation?
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Matched results: 7 — 0 extrapolation

» We can RG-improve the matching procedure using the flow-time RGE:

70 O( ) (as( )7[/;”)@(7-)7

for a flowed anomalous dimension

Y(as(p), Lur) = (10:C(7, 1)) N7, ).

» Define a perturbative flow time coupled to renormalisation scale u:

=€ /2

» Integrating the RGE from any lattice flow time 7 to 7, will yield ‘RG-improved” matched results

O = ¢ exp | [ arita, 1] 07

» Should decrease slope of fixed-order matching results and improve convergence of short-flow-time
expansion

» Use perturbative flowed anomalous dimension at NLO and NNLO

w could also calculate 4 non-perturbatively

Heavy Meson Lifetimes from Lattice QCD Matthew Black


https://arxiv.org/abs/2201.09740

Matched results: 7 — 0 extrapolation

» We can RG-improve the matching procedure using the flow-time RGE:

w now all same steps apply as before with “flatter data”

RG-improved NLO BMS
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Matched results: 7 — 0 extrapolation

» We can RG-improve the matching procedure using the flow-time RGE:

w now all same steps apply as before with “flatter data”

RG-improved NLO B%TS RGE p — po = 3.0 GeV

1.10
= DplpPm
5 1081 §m$$$m QO gy
ROl T g ¢ p=25Gev
o offc fa. Doy
o3 mgmgmmm CROROROR u:3.0GeV(
I mmgmmgmmmm ® u=35Gev
o 1.06 - ol B0 O m gy & p=4.0GeV
=t o oo B0 (
- mmmmmmgn ¢ pu=45GeV
& . "‘*mwmmmmmm§
R0
preliminary
102 T T T T
0.0 0.1 0.2 0.3 0.4
7 [GeV ™

Heavy Meson Lifetimes from Lattice QCD Matthew Black


https://arxiv.org/abs/2201.09740

Matched results: 7 — 0 extrapolation

» We can RG-improve the matching procedure using the flow-time RGE:

w now all same steps apply as before with “flatter data”

RG-improved NLO B%TS RGE p — po = 3.0 GeV
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Matching results for all operators
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Summary

» Finalising first lattice calculation of A(Q) = 0 matrix elements for heavy meson lifetime ratios

» Gradient flow and short-flow-time expansion is an effective tool for renormalisation and matching

w Proof of principle calculation of charm and strange quark masses

» Scale dependence of short-flow-time expansion can be studied in detail

Outlook
» Perform large-scale simulations to extrapolate to B and B; mesons

» ‘Eye’ diagrams need for absolute lifetime operators

= to be included in both lattice simulations and perturbative matching

Thanks for the attention!
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A () = 0 Operators

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

Of = 0"9"(1 = 75) ¢ T7u(1 = )V, (O) = (B,|O{|By) = f5,M, B,
. M3
08 =11 - =)t Oy = (B,|O4|B,) = —2—f2 M? B,
2 ( ¥5) 4" Qﬁ( V5) (O3) = (B,|03]By) (mb+mq)2fB“ B, P2

Ty = B9 (1= ) (T) ¢ (1 =5 (T, (TE) = (B|T{|B,) = 3, M el
2

_ _ o MBq
T = (L= ) ()¢ T =) (T, () = (BTIB) = ot M3
q

» For simplicity of computation, we rewrite these to be colour-singlet operators:

O1 = b, (1 — 75) ¢ Pyl — 75)0° oF 1 0o 0 0\ /Of
Oy = b*(1 — v5) " (14 75)0°) oy | o 0 0] |oOF
71 = 0" (1 = 95) b Pyl —75) ¢ Tl |-a 0 -3 0 |A
7o = (1 + %) 5 Pl = 75) ¢ Ty 0 —a 0 3 £
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Consistency check — include a? logs at

NNLO (not RG improved)
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Consistency check — include o logs at NNLO (not RG improved)

=3.0 GeV)

31(73 Ho

e1(7, o = 3.0 GeV)

NNLO +at logs BMS RGE 1 — 19 = 3.0 GeV

: i
114 | i
1 | :EIEEEE
1 e e IE =
1121 I EEEEEFE e e o 2 E TR
;mﬂmEEEEEEE:::mmmmmimmmfm-mmmmﬂﬁ
EEEEEEEIWIE& = [E 5 E E ::‘; Fop=25GeV
110 GERRAERGREERRRRERRREERES § D oo
E ! I F ou=35Gev
! | P ou=40Gev
1.08 - ! | B op=45Gev
1 |
1
1 |
1.06 H i
1
e 1. |
" prellmlnary i
' 0.0 0.1 0.2 0.3 0.4
7 [GeV™Y
NNLO +a? logs ¥ RGE p — po = 3.0 GeV
~0.16 ;
! !
! !
—0.18 ! i
! !
|
i i
~0.20 H i F =25 Gev
| ! F 4 =3.0GeV
! I P ou=35Gev
~0.22 4 g : | Fop=4.0Cev
1 | F p=45Gev
! !
1 |
—0.24 EE Ei :
|
{ UL T
1 B B b b= b [
—0.26 e 1. B B b A4 334438
preliminary ”h-:Efw»:;?:::‘:
0.0 01 0.2 0.3 0.4
7 [GeVTY

Lattice QCD

\INLO +0? logs BYS RGE p — g = 3.0 GeV

0.995
i i
i i
0.990 H
1 |
— i i
r 1
g 09 : s EEEE
O i EEE F pu=25Gev
2 0.980 1 ! EEEEEEE o ou=300Cev
I : EEE I u=35cev
2 0.975 ! ! F =40 Gev
i: IEE | B p=45Gev
2 0.970 EEE '
9 EE 1 |
B i i
0.965 H i
i reliminar
0.960 p L Y T . T
0.0 0.1 0.2 0.3 0.4
7 [GeV™
NNLO +a? logs €} RGE p1 — po = 3.0 GeV
~0.0135 . :
1
~0.0140 1 i *iiilliillll
I [
~0.0145 H iiii :
’>\ 1 B |
L —0.0150 i B B B i
@] 1 E E | FPopu=25Gev
= —0.0155 1 i B B P op=30Gev
°ﬁ o I F u=35CeV
< —0.0160 1 B | T o=40Gev
< Ei i | Fopu=45Gev
K —0.0165 1 E ! i
B E i
—0.0170 4 ' |
1 |
~0.0175 1 ¥ L |
preliminary |
—0.0180 L T T T
0.0 0.1 0.2 0.3 0.4
7 [GeV™?

Matthew Black



Consistency check — include a? logs at NNLO (not RG improved)
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