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Enormous lattice literature
on D-hadrons weak decays.

Impossible to be entirely
comprehensive.

Talk is unavoidably
selective, focusing attention
on published results from
the past few years

Apologies for any omissions



Related talks at CKM 2023

Topically Adjacent

» Takashi Kaneko, M 13:05 - Status and Progress of Lattice QCD

» Alan Schwartz, T 9:00 - Charmed meson lifetimes and prospects for
future determinations of Vs, Vcq at Belle/Belle Il

> Tengjiao Wang T 9:30 - Experimental Status of Vs and Veq

Methodologically Adjacent

o Tuesday 16:00 - Alejandro Vaquero - B(S) — D((:)() from Fermilab-MILC

e Thursday 18:20 - Chris Bouchard - Rare B — n, B — K on the lattice

e Thursday 18:50 - Brian Colquhoun - B — 7, B — D™ from JLQCD
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Context &
Motivation
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Quark Flavor and Lattlce QCD
Accessing the CKM Matrix

“Gold-plated processes” =

Single-hadron initial state.
Zero- or one-hadron final state.
All hadrons stable under QCD.

Nota bene: Different formalism for exclusive multi-hadron or inclusive final states

Luka Leskovec, Th 17:50 Ryan Kellerman, T 12:00

Lattice outlook on B — p, B — K* Updates on inclusive charmed
and bottomed meson decays

from the lattice
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Quark Flavor and Lattlce QCD

Accessing the CKM Matrix

Leptonic decays

<

(Decay constants)

O] A" [H(P)) = ifn p"
Semi-leptonic decays

<

(Form factors)

f7(p) o< (final| J(p) |initial)
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(BJIBg)  (B,|B) )

‘:=>®<>‘:‘ Felix Erben, Th 12:30

Update on SU(3)-breaking
ratios and bag parameters

for B mesons

. (B Hert| B)



Quark Flavor and Lattlce QCD
Accessing the CKM Matrix

Leptonic decays

<

(Decay constants)

O] A" [H(P)) = ifn p"
Semi-leptonic decays

<

(Form factors)

fi(p) o (final| J(p) )
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Lattice QCD with Heavy Quarks

W.I. Jay — MIT 8



Lattlce QCD

» Lattice QCD gives complete non-perturbative definition to the strong interactions

* This framework gives: z /D[ﬁelds]e_SE [fields]

 Fundamental approximations:

« UV cutoff: lattice spacing a [target: a « physical scales]

* IR cutoff: finite spacetime volume V = L3 XT [target: 1 <« m, L]

« Approximations of convenience:
» Often: Heavier-than-physical pions: (my)'attice > (m,)PDG
 Often: Isospin limit my = mgq
« Often: QCD interactions only, no QED

 Often: lighter-than-physical or static heavy quarks
9



Lattlce QCD |s systematlcally |mprovae

* All approximations admit theoretical descriptions via EFT

v

Cutoff dependence — Symanzik effective theory

v

Finite-volume dependence < Finite-volume xPT

v

Chiral extrapolation / interpolation — xPT

v

Heavy quark extrapolation / interpolation — HQET, NRQCD, etc...

v

QED, isospin breaking < perturbative expansion of path integral

* Careful treatment of all systematic effects is key to modern high-precision lattice QCD

* Technical advances in controlling these systematics have been drivers of progress in

lattice QCD, especially in charm physics

10



‘ LattlceQCD |s systematlcally |mprovable

* All approximations admit theoretical descriptions via EFT

> Cutoff dependence <= Symanzik effective theory

v

Finite-volume dependence < Finite-volume xPT

Chiral extrapolation /-<=> xPT

Heavy quark extrapolation /-<=> HQET, NRQCD, etc...

QED, isospin breaking < perturbative expansion of path integral

v

v

v

* Careful treatment of all systematic effects is key to modern high-precision lattice QCD

* Technical advances in controlling these systematics have been drivers of progress in

lattice QCD, especially in charm physics
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Lattlce QCD W|th Heavy Quarks

A challenging multi-scale problem

1/L = 30 MeV T mc—1GeV T

1/a = 4.7 GeV
M. =140 MeV  mb=4.2Gev | 2=0.04 f"‘

Heavy quarks are hard: lattice artifacts grow like
powers (amn)" — especially tricky for masses near
or above the cutoff

1 1
— < My <mp < —
W.I. Jay — MIT L 12 a



Lattice QCD with Heavy Quarks
A challenging multi-scale problem

Solutions to the cutoff challenge?

1. Use an “effective theory” for heavy quarks (b, sometimes c)
> “FNAL interpretation,” NRQCD, RHQ, Oktay-Kronfeld
> Good: Solves problem with artifacts (amn)

> No free lunch: EFTs require matching and/or parameter tuning, which
introduces systematic effects

> (1-3)% total errors

2. Use highly-improved relativistic light-quark action on fine lattices
> Good: advantageous renormalization, continuum limit

> No free lunch: simulations still need amn < 1 and often an extrapolation to
the physical bottom mass

> (< 1)% total errors possible ‘-‘@E_

W.l. Jay — MIT 13



Lattice QCD with Heavy Quarks
A challenging multi-scale problem

Solutions to the cutoff challenge?

1. Use an “effective theory” for heavy quarks (b, sometimes c)
> “FNAL interpretation,” NRQCD, RHQ, Oktay-Kronfeld
> Good: Solves problem with artifacts (amn)

> No free lunch: EFTs require matching and/or parameter tuning, which
introduces systematic effects

> (1-3)% total errors

2. Use highly-improved relativistic light-quark action on fine lattices
> Good: advantageous renormalization, continuum limit

> No free lunch: simulations still need amn < 1 and often an extrapolation to
the physical bottom mass

> (< 1)% total errors possible *P‘
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Semlleptonlc decays H — Lz/” U
Anatomy of a calculation: correlation functions

e Hadron masses — QCD 2pt functions
e Matrix elements = QCD 3pt functions

e For concreteness: consider D — v

Cp(t) = (Op(0,0)0p(t,z)) D C:.D

Zr

Crlt,p) = 3 €7 (0,(0,00,(t,2)) @@

T

Co(1.Tp) = 3 7Y (040,00 (1y)On(T2) @ @b

T,y
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Semlleptonlc decays H — Lz/” U
Anatomy of a calculation: correlation functions

e Hadron masses — QCD 2pt functions
e Matrix elements = QCD 3pt functions

e For concreteness: consider D — nfv
Cp(t) = (0p(0,0)0p(t,x)) — |(0| Op |D)|* e~ Mot

Zr

Cr(t,p) = D €7 (040,000 (t,x)) — [{0] O |m)|* e~ Fr

T

Cs3(t, T, p) = Zeip'y (Or(0,0)J(t,y)Op(T,x))

T,y

— (0| Ox |7) (x| J|D) (D| Op |0) e~ Frl Mo (T=0)

Matrix elements = Form factors

W.l. Jay — MIT 16



5 4

)" -] L A7 8l :
-le il ~ (A AN > - 0 g
& e Vi Y S . v i 1 a0 4
| y/ 1 = A > L = oy -
& (| R\ e &/ e — o L e — DR

Leptonic Decays FLAG Review 21

. . . .~ - . EPJC 82 (2022) 10, 869
An invitation to precision in lattice QCD it ooaaa
FAG2021  fp fb,
.Sub-percent precision for f, and fp
(s) (s) + FNAL/MILC 17
T FNAL/MILC 14A
L QCD precision is below existing/expected 1 o ETM 136
experimental uncertainties FNAL/MILC 128
eComplementary calculations and discretizations "QCD 208 o
bolster confidence in results F: racois
" : ,, 2 (P 5228?4.{?1:’;11
*“Pure QCD problem is solved oS 10A -+
L Rnaomicos 9
eFurther improvement: systematic inclusion of our average for Nim2
QED, isospin breaking - Balasubramamian 19
: L °
—L 0 ETM 11A
ETM 09
SM prediction for rare leptonic decay rate 180 200 220 240 230 250 270 Me
Beneke et al, arXiv:1908.07011, JHEP 2019
7 T —9 , QFT
B(Bs — pn™) = 3.660(38) x 107° | attice QCD value —>P
for fp is now asub- —»LQCD
’ @)
Bs dominant source of ——5 CKM
uncertainty

W.l. Jay — MIT 17



. . ]
: " | l;ﬂ

Leptonic Decays

& ; " -
h N 2. ) ',, A p)
Pz W R Vs v
2 \

6, (k) [d“yeikyff/‘@ 73O () | P(p)

Structure-dependent form factors:
qualitatively new element for
leptonic decays.

W.I. Jay — MIT

An invitation to precision in lattice QCD

*Isospin / QED corrections to weak decays have been
considered by the lattice community since = 2015

Isospin-breaking and electromagnetic corrections to
weak decays

|

3rd August 2023
o (SB THE UNIVERSITY LATTICE 2 (283
Al ",,“\"_yz': ?f EDINBURGH # Fermilab

Matteo Di Carlo
Plenary Review @ Lattice 2023

Includes discussion and references to literature,
recent work reported at Lattice 2023



https://indico.fnal.gov/event/57249/contributions/271134/

Semileptonic Decays

of D-mesons

W.I. Jay — MIT

19

A \Y
T U K- v B — v
K—-rntv B- nfv
A, — plu

Vcd Vcs Vcb
D—-¢v D,—-¢v B- Dfv

Vub

us

\ <Bd|Bd>) <BS|BS>)




Semileptonic Decays
of D-mesons

(m|dy*c|D)

Vector form factors: f,

W.I. Jay — MIT 20



Semileptonic decays: D — muv
Theoretical preliminaries

dI' _ Ginpw 2 2 D ‘ "
= Vea|" (1 —€)*(1+0
2 = paen |Veal” (1= (1 + Gmr)
i Lo _
3 € 2 2 2 Mﬂ. 36 2 2
pf’ (14 5) 1£+@) + 1M (1= 375 ) [fol@®)
: measured decay rate €= mi /q° < 1

W.I. Jay — MIT o1



Semileptonic decays: D — muv
Theoretical preliminaries

dT
dq?

W.I. Jay — MIT

G
_Gilpw Veal? (1 — )2(1 + ) ¥

2473

3 ¢ 2 T
pl* (1+5) [£(a®)]" + Ipl M3 (1 - 572

measured decay rate

(non-perturbative) hadronic form factors

22




Semileptonic decays: D — muv
Theoretical preliminaries

dT
dq?

W.I. Jay — MIT

(; D
= gfﬁw Veal” (1= €)*(1 + 6ar) X
31+ < 2)|? M2 (1
f* (14 5 |£(@)* + o] M3

measured decay rate

(non-perturbative) hadronic form factors

: Kinematic factors

23

3 1fol@)]

— mi/q2 <1




Semileptonic decays: D — muv
Theoretical preliminaries

dT
dq?

W.I. Jay — MIT

G
_Gillpw Veal? (1 — )2(1 + ) ¥

2473

pl* (14 5) £+ + ol 223 (1

: measured decay rate

A42

2
L) 5 )

M7,

— mi/q2 <1

: (hon-perturbative) hadronic form factors

: Kinematic factors

: perturbative corrections

24




Semileptonic decays: D — muv
Theoretical preliminaries

dI' _ Ginpw 2 2 D ‘ "
= Vea|" (1 —€)°(1+0
2 = pina |Veal” (1= (1 + o)
i , _
3 € 2 2 2 Mg 36 2 2
Pl (14 5) £+ @) + 0l M5 (1= 375 ) 5 Iha(e®)
: measured decay rate €= mi /q° < 1

: (hon-perturbative) hadronic form factors

: kinematic factors At O(1%) precision, all
sectors of SM become

: perturbative corrections | important: QCD, QED, EW

W.I. Jay — MIT 25




D-meson Semlleptonlc Decays Measure: Expt.

Pseudoscalar final state: D) — n/KZ'v

| Vel | = 0.2330(0.0029)FP4(0.0133)CP
* Status as of PDG 2022

e Combined precision for D — 7 ~ 6%

* Theory errors dominated
* Today: recent significant improvement

W.I. Jay — MIT

20

Calculate: LQCD

- +tensor-current
36 - fo(q2)’2 form factors
for FCNC, BSM

| vexel | =0.972(0.007)

e Combined precision for D — K = 1%

* Theory errors dominant

* Percent-level total errors now
possible, with QCD subdominant

A. Ceccucci, Z. Ligeti, Y. Saka
PDG 2022: 12. CKM Quark-Mixing Matrix



D -meson Semlleptonlc Decays —

D - K/z¢v and [Ved|, |Ves]

e (N=2+1+1)ETMC Wilson twisted mass ensembles
o Lattice spacings: a € {0.09,0.08,0.06} fm

e x4 — 6 % precision for f, ,(0)
e | V.| =0.2330(133)L°P(31)EXP (269

|V

CcS

W.I. Jay — MIT

V.| = 0.945(38)LQCD(4)EXP (49

1.15|
: - ETMC - Semileptonic decays (Nj=2+1+1)
i . ETMC - Leptonic decays (N=2+1+1)
L 10‘» % FLAG - Semileptonic decays (Ni=2+1)
% FLAG - Leptonic decays (Ni=2+1+1)
1.05

1.00+

0.95|

0.90/

0.19 0.20 0.21 022 .23 0.24 0.25 0.26

|V d‘ .

ETMC
5, 0564514

arXiv:1706.03017
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A Belle T
1.5 _
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D -meson Semlleptonlc Decays

D — Kfl/ and |Vcs|

(Ni=2+1+1) MILC HISQ ensembles

Lattice spacings: a € {0.045 — 0.15} fm
~ 135 — 320 MeV

Valence: heavy HISQ

Chiral-continuum analysis via “modified z-expansion”

< 1 % precision for f, 5(0)

| V.| = 0.9663(53)L°P39)EXP(19)EV(40)EM [x19]

1.6
1.4
1.2
1.0-
0.5-
0.6-
04-

Set 1
Set 2
Set 3
Set 4
Set 5

<% >0

[[] Set6
O Set7

[> Set8

— fo
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Fermilab-MILC [WJ]

D -meson Semlleptonlc Decays oD 107 (2023, 004516

e (N=2+1+1) MILC HISQ ensembles

e [attice spacings: [0.045 - 0.12] fm 1/5 -

e Valence: heavy HISQ

e Percent-level determinations of |Veql, Vsl .
e Consistent with [Vl from HPQCD 2021 i

o First-ever IVcdl from D, — K¢'v when combined * 110~
with recent first measurements from BESIII

e First time that LQCD and experimental errors are

commensurate for D — nfv 1/27 %

e All results from a blinded analysis
AIQAﬁM}///-
V4 V4 0

| |D—>7Z'

|V

CcS

W.I. Jay — MIT

arXiv:2212.12648

= 1000 configurations

‘ a=0.12 fm
B 2-0.088 fm

Bl 5=0.057 fm
Bl 5-=0.042 fm
Physical point

— 0.233 8( 11 )Expt( 1 S)LQCD [22]EW/QED/SIB

|D—>K — 0.9589(23)Expt(40)LQCD[96]EW/QED/SIB

29

| | | |
0.04 0.06 0.09 0.12
~a [fm]

Measure: Expt.
Calculate: LQCD



Fermilab-MILC [WJ]

D-meson Semilept()nic DecayS PRD 107 (2023) 9, 094516

Comparison to experimental data

D —r

0.0200

Joint LQCD & expt.

0,+

0.0175 - 11 BESIII 2018, 'u

W BESIII 2018, 7~ p~

[Val3ine % (LQCD only)
0.0150+ HPien
dF 0.0125

dq2 0.0100

"0.15

0.0075 -
0.0050
0.0025 D
0.0000 T / T T
0 1 2 3
0.0200
(2227 Joint LQCD & expt.
BABAR 2015, 7~ e™
0.01754

CLEO 2009, 7% *
CLEO 2009, 7~ ¢~
BESIII 2017, 7% *
BESIII 2015, 7~ ¢ *
[Vealins % (LQCD only)

0.0150 |4k

11 o il B

dr
dg? o

0.0075
0.0050

0.0025

4

0.0000

0

[GeVZ]

Wuw—MW

D —- K

0.20

0.10

0.05

0.00

12224 Joint LQCD & expt.
M4 BESIII 2019, K u*
[Ved| it ¥ (LQCD only)

D — Kuv

0.351

0.30

0.25

0.20

0.15

0.10

0.051

0.00

2229 Joint LQCD & expt.
BABAR 2007, K ~e*
CLEO 2009, K"
CLEO 2009, K ¢+
BESIII 2017, K% *
BESIII 2015, K e
[Veal3ine % (LQCD only)

W o il B
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Suppressed

scalar-form-factor
— contributions

o (m71g*) | fol*

How relevant
is fo?

See, e.g., binwise
estimates of |V

arXiv:2212.12648

These effects were first
statistically relevant in
the extraction of |V

by HPQCD 2021

— |Vcs‘binned’ e+

1.25_ —_— |V;s‘binnedl M+
1 BESIII 2019, K u*
1.20- HE BESIII2019: K ~u*, setting fy(¢*) =0

1.154

& “Ignore fo” &

1.104

T T T T T T T T
0.00 025 050 075 1.00 1.25 1.50 1.75
¢* [GeV?]



D-meson Semileptonic Decays - ooz s sisia

FNAL-MILC
3.0 - N (Present work)
B ETMC 17
251
s - f;
0
8 2.0
=
—
i 1.5
1.0 -
0.5
I ' ' :
0 1 2 3
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arXiv:2212.12648

ETMC HPQCD
PRD 96 (2017) 5, 054514 PRD 104 (2021) 3, 034505
arXiv:1706.03017 arXiv:2104.09883
10
FNAL-MILC

—— (Present work)
Bl ETMC 17
e

!—\
S
|

[
oy
|

HPQCD 21
[+
fo

—_
N
|

Form factor
— —
=
| |
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D-meson Semileptonic Decays
D(s) — Klntv and |Vcd|, |Vcs|

. Ml Y ey \ s ~
“!1. BN 2 '.: Bl kN /e

Dty | I‘I D,—Ketv
Present work dominated by
BES IIT 2019
D,—~Ke v | L PN I
Present work ' '
Semileptonic | A
Ny=2+1+1
Semileptonic | ——1
Ny=2+1
HFLAV 2021
Leptonic | gy New fp|Vea| = 46.2(1.0)(0.3)
Ny=2+1+1
Leptonic | HEH FNAL-MILC
Ny=2+1 W' (Present work)
FLAG
CKM _ 1"l - Semileptonic
Unitarity FLAG
e Leptonic
Neutrino _ e mm PDG
Scattering
| | | | |
0.20 0.22 0.24 0.26 0.28 0.30

W.I. Jay — MIT

‘Vcd‘

 em—

Fermilab-MILC [WJ]

PRD 107 (2023) 9, 094516

arXiv:2212.12648

PDG FLAG

particle data group

Flavour Lattice Averaging Group

Preferred |
extraction

Semileptonic _
Ny=2+1+1

Semileptonic _
Ny=2+1

FNAL-MILC 18 |
+ HFLAV 21

FLAG Leptonic |
Ny=2+1+1

FLAG Leptonic |
Ny=2+1

CKM Unitarity | Unitarity
constraints

Global fit

K3/(8 decay) -

Ky /1o

Py

FNAL-MILC
(Present work)

FLAG
Semileptonic

A
[
[
Bl Leptonic
I PDG (CKMFitter)
BN Via [Vi|/[Vudl




— “

Fermilab-MILC [WJ]

D-meson Semileptonic Decays rroor e oosis

_ _ arXiv:2212.12648
Second-row unitarity tests

VPPV P+ V., |* — 1 = — 0.0286(44)FXP(78)QCP[194]QEP(28)EW

e Consistent with unitarity at =10

* Uncertainty still dominated by theory

e QCD uncertainty subdominant to QED

e |Vudl/IVesl: qualitatively similar arrangement to what was seen by ETMC 2017

- ETMC - Semileptonic decays (N=2+1+1) ETMC | T]EWfD "/cd ‘ == 462(]. 0) (03) MeV
. ETMC - Leptonic decays (N=2+1+1) PRD 96 (201 7) 5, 054514 | V —=9245.4(2.4 1.7 MeV
L.10 % FLAG - Semileptonic decays (N=2+1) arXiV:1 7060301 7 - 1 OO 7 nEWfDS | “ | ( )( )
% FLAG - Leptonic decays (Ny=2+1+1) -
1.05
V j 0.98
‘ cs ‘ | ‘ V |
| €S 1 0.961

B Semileptonic: Fermilab-MILC
(Present work)

0.04- gy Leptonic: FNAL-MILC 2018
: +HFLAV 2021 Without QED

= Veal® + Ve + [V |* =11 With QED
0.92 | | I I I
0.200 0.205 0.210 0215 0.220 0.225  0.230

‘Vcd‘

0.95

0.90

0.19 0.20 0.21 0.22 0.23 0.24 0.25 0.26

‘Vcd‘

W.I. Jay — MIT 33




D-meson Semileptonic Decays

Lepton Flavor Universality Ratios

Fermilab-MILC [WJ]
PRD 107 (2023) 9, 094516
arXiv:2212.12648

e CKM factors cancel in the ratio
— pure theoretical SM predictions are available

e Theoretical uncertainties cancel in the ratio

— |lattice QCD gives very precise results

D — K

yoy . BH — Luv)
le —
H B(H — Lev)
D —r
Fermilab-MILC | QI\E}) i o
LQC D (Present work) eiror gfg
gT™c 184 | 4+ HIO'S%
0.9825  0.9875
At B
Experiment
P HFLAV 22 ] o1
0.9 1.0
R,"

W.I. Jay — MIT

Fermilab-MILC |
(Present work)

HPQCD 21 A

ETMC 18 A

HFLAV 22 |
DK~

HFLAV 22 |
DT—K°

No QE
error

—&—

I
0.974

. CE—

il

0.97

QED
error
0.5%

. 4

LQCD

—P agreement
at = 0.01%

34
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/e

I I I I
0.900 0.925 0.950 0.975 1.000
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D-meson Semileptonic Decays

Unpublished & In-progress Calculations

RBC/UKQCD @ Lattice 2021 [arXiv:2201.02680] JLQCD @ Lattice 2017 [arXiv:1711.11235]

* (Nr=2+1) RBC/UKQCD domain-wall quarks
* Valence: domain wall T4 1o ol
. : _ J otal ensembles
. Prellmm.ary. results on a single ensemble: 1/a = 1.78 GeV . 1/a e {25.36. 4.5} GeV
. Result.s. indicate that percent-sca.le errors ailr.e achievable . M_ € [230, 500] MeV
* Plans in place to extend calculation to additional
ensembles
* Precise DWF results will give a valuable check on the
recent HISQ results for D) = K/n £

Unpublished but quite mature/complete results
(Nr=2+1) JLQCD ensembles with domain-wall quarks

e Valence: domain wall
Form factors in the continuum limit are reported
Excellent control over systematic effects

FP=KI7(0) at &~ 6 % precision

*J+0
D . 10 agreement with recent HISQ results for ff a’K/”(O)
—> T ’
L L R B AL R 7/ A
1.06 ' T T l T T - O CLEO-c’09, D" > Ke'v,
igg i }l 1i1111%% i - O CLEO-c’09, D" 5 Ke'v, P
' 1111 1.5~ O BESII’15, D’ > Ke'v 70y .
. 1| {{{} }}{{ - - | “
Estlm;to;)for 098 | H} ﬁ e EE ﬁ - ]
T ' ReSFIS 3. H ] - _
0o f it & @ I TR P Lot
0.88 'L ¢ [] i+L* _
0.86 [ st iy _
084 | | | | | | |
-15 -10 -5 0 5 10 15 - =
. . 0.5 I 1 I 1 [ L | L L L I 1 L !
Euclidean time 1.0 0.0 1.0 2.0 3.0

W.l. Jay — MIT 35 q2 [GGVZ]




Summary & Outlook

o Lattice QCD calculations have achieved:

e Sub-percent precision for leptonic decays
* Percent level precision for D-meson semileptonic decays

* 5-20% precision for D-baryon semileptonic decays

* Enabling “technologies” for high precision include:

e Ensembles with physical mass pions: M, ~ 140 MeV

e Relativistic light-quark action(s) for charms: absolutely normalized currents

* Highly improved actions: small discretization effects for charm

* Precise LQCD + latest experimental results give:
e CKM matrix elements |Vcq| and |Ves| at O(1%)
* Improved tests of second-row unitarity

e Precise SM predictions of LFU ratio
W.I. Jay — MIT 36
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Semileptonic Decays | v« v. @ Va

D—-¢v D,—-¢v B- Dty
of D-baryons D—nfv D—Kfv B— D*tv

)
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Semileptonic Decays
of D-baryons (A|57*(1 = ys)c| A

Vector form factors: f, o |

Axial form factors: g_ 0.1
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D-baryon semileptonic decays S. Meinel

PRL 118 (2017) 8, 082001
AC — Afv arXiv:1611.09696

’ HHCP HHC54 €53 +HnF43 i F63 — a0, my — 135MeV. m, — 689 MeV |
2.0 ,

e 5x ensembles, N:= 2+1 domain wall fermions

fL(Ac = A)

e a € {0.09,0.11} fm

. M, € {139 - 350} MeV e
e Valence charm: Columbia RHQ (clover action, tuned to DN

give J/y dispersion relation)

0.8 -

* “Mostly non-perturbative” renormalization

0.6 g e

1.1

e First-ever determination of |V¢sl [=6%] from baryon
decays when combined with measurements from BESIII

0.8 -

0.7+

0.6 el

0.951(24)rqep (14)-,, (56)5, £ =,

c 0.20 - T T T T T
[Ves| = 4 0.947(24)1,qcp(14) 7, (72)5, £ = 4, T
0.15 i
0'949(24)LQCD(]‘4)TAC (49)3, l = €, U, H@ —
l:fﬂ; 001 } _AZ_>AM+;M
ng‘ = 0.05 4'
5= |
0'0%.13 0f2 014 016 018 110 112
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D-baryon semileptonic decays e cons oais
A_. — N form factors

0.30 I

o Isospin limit: same form factors for A, — p*, A, = n — 025
e 6x ensembles, Nt=2+1 domain wall fermions é 0.20
e a € {0.09,0.11} fm PRt
« M_€ {240 — 350} MeV C:‘EN_E 0.10
e Valence charm: Columbia RHQ 5=

e “Mostly non-perturbative” renormalization

0.0
« SM predictions for charged-current A, = n? *1 rates [~6.4%)]
» T(A. = ne™)/| V41> = (0.405 £ 0016, + 0.020,,,) ps~’ 10 ' p——
10-° | esonances
» Tough to measure experimentally (n and v in final state) R & _ ~Dertubative SV
R (Ul 5 LHCb 90% CL-]
» Results larger by factor of =1.5-2 compared to other calculations % 10-sF 1
[quark models, sum rules, SU(3)] S 10| i
e Rare neutral-current decay: g 10710 L R
10-11E e - _
» LHCb 2018: B(A, = pTutu™) < 7.7 x 1078 [90%] © o e T !
: : " 10-13 —A — LT B X
» Comparison to LQCD with additional assumptions b C | p,l/l /’t | \
e SM Wilson coefficients at NLO > " 2 [Gel\'?z] "
« Breit-Wigner model for intermediate ¢p/w/p LHCb

PRD 97 (2018) 9, 091101
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D-baryon semileptonic decays

Q.-A. Zhang et al.
Chin.Phys.C 46 (2022) 1, 011002

| | | | ;
arXiv:2103.07064
= . — Efv form factors
e 2x ensembles with Ni=2+1 Wilson clover quarks ) i: @ 07 1 I II
» a € {0.11,0.08} fm U o | W ;} [} 3 T oo
< 1.4 108 o o5 T s1o8
> Mﬂ' RJJ 300 MeV —(’).2 OjO 0:2 0j4 0:6 0t8 er 09—6.2 0j0 012 0:4 0j6 018 ltO
e Continuum extrapolation is given m) 2‘7’ r ﬁ @ o8
T % 0.7
« No chiral extrapolation to physical pion mass o 09 . v oaso| Uo0s
+ s108 0.5
« Extractions of | V,|: 52 9o o2 o4 95 o5 1o
» Using ALICE branching-fraction measurements: o) @ 077 } }} i
| Vcsl — 0.983(O.06O)Stat(0.065)sy8t(0‘167)exp [=19%] :f [,Tf 0.6 i&/
= % ¥ 5080
> Using Belle branching-fraction measurements h Tos{o o |E a0
| V.| = 0.834(0.051)°24(0.056)%5(0.127)°*P [+18%]
4*/dmax
0.15 A
O
I, 0.10 1
~ ::30.05-
S
0.00 1, . . . . : :
W.I. Jay — MIT 490 0.0 0.2 0.4 0.6 0.8 1.0 1.2
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Renormalization semileptonic decay
Example D — nlv 1.75 &= ()~ mg)(LIS|H)
gL |VAH)
1.50 - g (L|V|H)
e Recall j — ZJJ ' By B (M, — mg)(L|S|H)—qH(L|VH|H)
* O Bare
_ ) 1.25 + W - B Renormalized
e PVCV: a,uV’u — (ml _ m2)8 S .
& 1.00 - $i |
e For the HISQ action, the local scalar i T [} i
density is absolutely normalized. 33 0.75 A L ]
= on ]
e Imposing PCVC in a global fit gives § 0.50 -
values for Z,, and Z
v, @nd Zv, 0.25 - P R 3"
X
* Interms of D—7z matrix elements, 0.00 "ﬁﬁ!ﬁ:"{:‘"ﬁl""f'"ﬁ ______ ﬂ_
PCVC reads: )
| I | | | | |
012 4 6 9 12 16
2

Zyvo(Mp — Ex) (x| V" |D) + Zyiq - (x| V |D)
= (me —ma) (7| 5| D)
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Aditiona Exental Prs.pects

 LHCb: pp at LHC

ch
« ~1012b-hadrons to date (cf. ~107 at LEP)

 Belle Il: ete-around Y(4s) ~ 10.5 GeV

« Goal: 50 ab-1 (50x Belle), roughly 215 fb-1 to date

Run 2 Run 3 Run 4 Run 5 Run 6 "yt .
Ry v e e Many exciting first measurements.
r \ — (D"
to\ -=: R(D) .
_ 12} \\\\ Optimistic | For example:
S0 AN systematics scenario ol - BESIIIl: Form factors for Ds—>K®ev
£ | M R(J/¥)
8 aN\ | iy N ; .
5 » PRL 122, 061801 arXiv:1811.02911
5 6f -\ [—
g 4  LHCDb: Rare CKM suppressed B—=mu+u-
2:- LHCb - \"___-__.'___::::: S, .
unoffiial its oo ~ JHEP 10 (2015) 034 arXiv:1509.00414
OL L ll\ A 14 1 l\ 1 A1 L 1 l’ l,\ ' ' 1 l\ i 1 A ' l’ 1«
SIS ISTTITIISTISETESHs

Dataset up to year



LQCD precision achlevements over time

CSS2013: Snowmass on the Mississippi
S. Butler et al [arXiv:1311.1076]

2013 2013 Expected Achieved
Quantity CKM _PEsesent 2007 forecast Presert 2018
element expt. error lattice error lattice error lattice error 2021 FLAG avg
el Vv 0.2% 0.5% 0.5% 0.15% 0.18% Systematic
Km(0) |Vl 0.2% - 0.5% 0.2% 0.18% inclusion of QED
I W s 5% 2% < 1% 0.3% now becomes
- i 5% 2% < 1% 0.2% necessary ,
D—mlv |V 2.6% - 4.4% 2% - 44% | Recently improved! |
DKy 1 1.1% - 2.5% 1% 0.6%
B—Dv |Vy|  13% - 1.8% <1% 1.7% Broad community
B wly |V 4.1% - 8.7% 2% 3% effort to:
fB Vs 9% = 2.5% < 1% 0.7% » keep pace with
¢ Vis/Via|  0.4% 2-4% 4% < 1% 1.3% experimental needs
AM, [VaVal2 @ 0.24% 7-12% 11% 5% 4.5% > achieve ~1%
Bk Im(V2)  0.5% 3.5-6% 1.3% < 1% 1.3% precision

» LQCD precision: expected improvements from ~10 years ago have largely been achieved.

* In-progress calculations expect to reach = 1% level for semileptonic B-decays



Radiative Leptonic Decays

D, - vy, K — vy

- Radiative decays probe weak interaction and
hadronic structure

- Example: B — £vy is sensitive to the LCDA
parameter Ag

- Radiative leptonic decays probe all Wilson

0.03
coefficients in the Weak effective Fo(Di= £rv) o
Hamiltonian "o ﬁﬁﬁﬂ
0.01
- Exploratory calculations developing methods i 7 tp/a= 15
0.00 g I tDs/a = —12
—0.01 3 T T
T,=- i[d4xe Pri(0| T ]ﬂ(x)J;Neak(O)} |H(p)) o100 —R/(k— £ {
0.075 - ﬂﬂHHH
0.050 A & i
0.0254 © % Z;Z _ :12
S— 0.000 . l
] 0 5 10
time time T/a
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Kane, Lehner, Meinel, Soni

Lattice 2019
arXiv:1907.00279

Kane, Giusti, Lehner, Meinel, Soni

Lattice 2021
arXiv:2110.13196

—Fa(Df— ttvy)
0.6 mmmmmmmmnnn
o™
0.4 =
0.2— EtDa/a’:_15
Ttp,/a=—12
0.0 T T
0.5
FA(K_—> E‘D’y)
0.4 LLLEEEEEEE
0.3 =
pe
0.2 =
o E tK/a =—15
0.1 tK/a= —12
0.0 T T
0 b) 10 15
T/a
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Rare Decay B, — u™ u
Uncertainty Breakdown

SM prediction for rare leptonic decay rate
Beneke et al, arXiv:1908.07011, JHEP 2019

B(B, — ptp™) =3.660(38) x 1077 HACD
—b» CKM
— 3.099 0.032
Br” = 1+ + 0.031|cky + 0.011,
3.660 v Lattice QCD value
. for fesis now a sub-
+ 0.006|pmr + 0.012|,05-pmr fgzggglLCDA] e dominant source of

uncertainty
« Parametric uncertainties

. Long distance (fBS) and short distance (CKM, m,)
. Non-QED parametric (Fq, a,)

- Non-QED non-parametric (4iyy, 14;, and higher order)
- QED parametric: B-meson LCDA parameters (4, 0/ ;)
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Chiral-continuum analysis
Heavy-meson rooted staggered chiral perturbation theory

 With simulations at and above the physical pion mass, the
chiral fits are interpolations, not extrapolations

* The shape of the form factors can be modeled with EFT

combining:
> Chiral symmetry > = exp(2i9/ [)
: a __ 1 _|_7A *Q nwo pa
> HQET spin symmetry H" = 2 [PM (V) P (U)%]
M2
> Light-quark discretization effects Z M¢ log A2

tastes £
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Chiral-continuum analysis
Heavy-meson rooted staggered chiral perturbation theory

D*

q/ 1 « 1
M2, —q?2 ., E.+A
: n 1
q¢° = M7 + M? - 2MpE,
| const
e Basically: f = E+ A X | 1+ 5flogs =+ z@: CiXi + O fartifacts

* Logs computed through NLO in HMRSPT
* Analytic terms included through N2LO (consistent w/power counting)

e |attice artifacts included from O(a?)
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Chiral-continuum anaIyS|s
Example: fo(g2) and f.(g2)

1.3 -

1.2 1

1.1

0.9 -

0.8 -

0.7

0.6

Physical-mass
ensembles

Physical-mass
ensembles

1 2
q° [GeV?]
e Displayed: physical-mass ensembles only (but all ensembles included in fit)
e All fits have good quality of fit (e.g., y2/DOF ~ 1)

e Curve collapse at mn/mc = 1.0 suggests a mild approach to continuum limit

52

g2 [GeV?]

a=0.12 fm
a=0.088 fm
a=0.057 fm
my, ~ 0.9m,
my, ~ 1.0m,
my ~1.1m,

Continuum limit,
physical point



Stability of results

Preferred analysis

EFT variations

Analytic discretization-term variations
a
Statistical analysis variations < ‘

Data variations

W.I. Jay — MIT

Preferred fit -
Continuum _|
chiral logs

Drop chiral logs

N3LO analytic _|

terms
5féa2 +hZ4ht) o

rtifacts

(a®> +h?+a*)
5fartifacts

Leading-order _|
prior width x 10
Prior width x 2 -

Shrinkage \/2 A
Shrinkage A x 2
Omit 0.12 fm
Omit 0.042 fm
Drop my/m.>1.1-

Drop my,/m. > 1.5

‘]

—— | {0

i S e I
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The Z- expansmn

2
i (w) = S an s = YL VT
BfX( ¢fX n—0 \/t+—q2—|—\/t_|_—to
/ T \ t4 = (MD + MW)Q
“Blashke factors” “Quter functions” LQCD calculations
(contain poles) (computed analytically give the expansion
for each form factor) coefficients an Im 2

q2

Semileptonic Multi-particle
region branch cut
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Results at the physical point

* Re-express final results using the e KXX f,: z-expansion

model-independent z-expansion 5:1.0- Do | 200 ;Ciizfiﬁic;i
_|‘ 1 f,:chiral-ctm fit

* For D-decays, the z-expansion is not
an extrapolation — just a convenient -
change of variables | . . . .

—0.3 —0.2 —-0.1 0.0
1 M—1 5
fo(z) = - Z b 2™,
(1 3\4(2Z)> n—0 304 BRXXR fy: z-expansion
ot B&A f.: z-expansion
1 it n n W N N — 209" 0 fo: chiral-ctm fit
f+(2) = 2(2) A (Z - N(_l) Z ) S 204 0 f,: chiral-ctm fit
(1 — 4 22 ) n=0 .
M= =
1 = 1.5
_ . . . 1.0
* Kinematic identity: f+(0) = fo(0) ———2L. . | |
0 1 2 3
¢* [GeV?]
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e D—7 and Ds—K only differ by the
mass of the spectator quark

e Vector and scalar form factors agree
at s 2% level throughout the

kKinematic range

e Older unpublished results by HPQCD
are consistent with our findings
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Comparison to Literature: |Vcd| and [Ves|

PDG FLAG

particle data group Flavour Lattice Averaging Group
D—ml v | D,—Ke*tv D—Klv _ | ‘ |
Present work I‘I dominated by Present work — Fg‘ésirﬁlv%rgrk)
BES IIT 2019 FLAG
D,—Ke™t
e —&— _— Semileptonic
Present work . .
Semileptonic ] HFLAV+FLAG
Semileptonic _ A / Leptonic
Ny=2+1+1 e PDG
Semileptonic | , Semileptonic I
NfIi 01| AT Ny=2+1 | k '
HFLAV 2021
Leptonic HEH New fp|Vea| =46.2(1.0)(0.3)
Ny=2+1+1 Leptonic |
Nyj=2+1+1 | il
Leptonic | FNAL-MILC
N;=2+1 Hily W (Present work) HFLAV 2021
FLAG Leptoni newfD,|Ves|
CKM _ 1" — Semileptonic NeI_J ;21(13 7 l— =245.4(2.4)(1.7)
Unitarity FLAG =
- Leptonic
Neutrino _ o | e PDG
Scattering H U CKM | +
| | | | | ntar't
0.20 022 024 026 0.28 0.30 Hartty

W.I. Jay — MIT

‘Vcd‘

! ! ! ! !
0.94 096 098 1.00 1.02 1

VCS
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Chiral-continuum fit formulae

Co (Mmeas.)2
E [1 dfpio C c c S S
fr(E) = E+ AL, + 0fplogs + C1X1 + CHXH + CEXE X oy
+cp(xi)” + en2(xu)® + cp2(xe)’ X5 = V2E
+ CaXiXH T QEXIXE T CHEXHXE 4r f ; DG
+ df(atit)'acts]’ XH = ( ) ) _ (MD(S) )
812 f2
1 1
S fpns) = T > Ti(Mq) + 7D (M) + L(Mey) = L(Myy) + [V = 4]
3
r 1+3g°
(4ng)2 D —
X ¢ (i f)z,D — K
\ (4m f)2’D -+ K aZA M2,£—M2 e—Mdde
Ta2 = 87r—2f2 M ¢ = p(mi + mj) + Q¢
2 Mﬁ,V(A) Muu v T 5V(A)
Th — —AMp,. _
- A= ; Ag.
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Experimental Motivation: B-anomalies

- Tree level: Lepton Flavor Universality: R(D), R(D™) 2 paf '= 1.0 contours =
R(D) = ZE > Drd) —> | o . Q .
95’(3 — D/Jl/) 0.35_ ' —f
- Tree level: Exclusive (LQCD) vs Inclusive o — iaess E
(OPE+HQE) determinations of CKM matrix elements L i :
- e Average of SM predictions HFLAV -
.|V, |from B — D*fv, B — D¢v " TR
. Vub | .I:rom B — ﬂ:f’/ 0.2 03 0.4 0.5 R(D)
-Loop level: b — s£¢ FCNC branching fractions: FAG2021
+B® > K*%up, B > pup, Ay — Nup,
BY - KTuu, B® - K%uu, B¥ - K*Tuu " -

-Loop level: b — s FCNC angular observables

-B® — K*%uu, BY - K**pup, B) — up

6 38 40 42 44
[Ven| x 103
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Experimental Motivation: B-anomalies

- Tree level: Lepton Flavor Universality: R(D), R(D*)
BB > Drb)
BB — Dub)

* Tree level: Exclusive (LQCD) vs Inclusive
(OPE+HQE) determinations of CKM matrix elements

V_|from B - D*¢v, B - D{v

V., |from B = nfv

R(D)

-Loop level: b — s£¢ FCNC branching fractions:
B = K*Oupu, B) — guu, Ay — Aup,
Bt - KTuu, B - K%uu, Bt — K**uu
-Loop level: b — s£¢ FCNC angular observables
.BY - K*uu, Bt - K**uu, BY — ouu

W.I. Jay — MIT
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BY 5> K *Olulu
LHCb JHEP 11 (2016) 047

LHCb JHEP 04 (2017) 142
LHCb PRL 125 (2020) 011802

Branching fractions

0
B, — pup
LHCb JHEP 09 (2015) 179

LHCb PRL 127 (2021) 15, 151801
LHCb JHEP 11 (2021) 043

— 015807 : .
> T LHCb ]
(2] - .
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W ]
E L .
% L .
0.05F e i ' —
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Angular distributions
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First-row unitarity?

2 2
+ PDG 2022: | V,g|” + | Vo | + |V |* = 0.9985(6)!Vadl (4)/Vss
e Quoted value has 20 tension with unity, using as inputs

o |V, ,|from super-allowed 07 — 07 § decays
e |V, |from semileptonic decay: K,; = K — nfv
e Tension increases to ~30 if nuclear-structure uncertainties from |V, ;| are ignored

e Similar =2-3c tensionif |V |/| V| taken from ratio of leptonic decays K,/ 7;,

e Historically, similarly precise tests of second-row unitarity have been limited by
experimental and theoretical precisions.

* Today’s talk: recent progress in the second row via semileptonic decays

E. Blucher and W.J. Marciano
PDG 2022: 67. Vud, Vus, the Cabibbo Angle,
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e 2-point correlation functions encode particle masses
* Analogy with condensed matter
e Correlation length 4 — Particle mass 1/m

(G ):(

)o) ~ exp(—mit)
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e Hadronic spectrum — QCD 2pt correlation functions

(O(£)0(0)) = (0] e O(0)e™ 7 0(0) |0}
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=3 P (0] 0(0) )

n
_ E ‘ 7 ‘2€_Ent “Operators couple to
" an infinite tower of states.”
n

“The ground state

TN eff (t) — log C(t)/C(t —+ 1) t_éoo mo asymptotically dominates
the Euclidean 2pt function.”
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Lattice QCD particle masses
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Lattice QCD particle masses

Correlator Effective Mass
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Lattice QCD particle masses

Correlator Effective Mass
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Lattice QCD partlcle masses
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Lattice QCD particle masses

Correlator Effective Mass
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Lattlce QCD partlcle masses
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Quark Flavor and Lattlce QCD

Loop level: Flavor-Changing Neutral Currents

Leptonic decays

F>WW< b= st

(Decay constants)

O A" |HP) =ifu v OSEED  «

Semi-leptonic decays

Hard-to-compute (=presently incalculable)
long-distance charm loops render rare
charm decays very difficult theoretically

(Form factors) gb /“; :J/W,...
f7(p)  (final| J(p) |initial) .
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