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Motivation

What can we Learn from flavor physies?

And what kind of help can LRCD provide?




Great success of Standard Model

March 2021

Standard Model Total Production Cross Section Measurements %"
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o =96.07+0.18 + 0.91 mb (data)
COMPETE HPR1R2 (theory)
o =95.35+0.38 + 1.3 mb (data)
COMPETE HPR1R2 (theory)
o =190.1+0.2+6.4 nb [da(ae‘
DYNNLO + CT14NNLO (theory)
o = 112.69 + 3.1 nb (data)
DYNNLO + CT14NNLO (theory)
o =98.71 +0.028 + 2.191 nb (data)
DYNNLO + CT14NNLO (theory)
o = 58.43 +0.03 + 1.66 nb (data)
DYNNLO+CT14 NNLO (theory)
o = 34.24 +0.03 + 0.92 nb (data)
DYNNLO+CT14 NNLO (theory)
o =29.53+0.03 + 0.77 nb (data)
DYNNLO+CT14 NNLO (theory)
o =826.4 + 3.6 + 19.6 pb (data)
top++ NNLO+NNLL (theory)
c=2429+17+86 Eb Eda(a)
top++ NNLO+NNLL (theory)
c=1829+31+64 Eb Edala)
top++ NNLO+NNLL (theory)
o = 247 + 6 + 46 pb (data)
NLO+NLL (theory)
o =89.6+1.7+7.2-6.4pb (data)
NLO+NLL (theory)
o =68+ 2+ 8 pb (data)
NLO+NLL (theory)
o =130.04 + 1.7 + 10.6 pb (data)
NNLO (theory)
o =68.2+1.2+4.6pb (data)
NNLO (theory)
o =51.9+2+4.4pb (data)
NNLO (lheorys)
o =55.4+3.1+3pb (data)
LHC-HXSWG YR4 (theory)
=27.7+ 3+ 2.3-1.9pb (data)
LHC-HXSWG YR4 (theory)
=221+6.7-53+3.3-2.7 pb (data)
LHC-HXSWG YR4 (theory)
o =94+ 10 + 28 — 23 pb (data)
NLO+NNLL (theory)
23+ 1.3+ 3.4 - 3.7 pb (data)
NLO+NLL (theory)
o =16.8+2.9+ 3.9 pb (data)
NLO+NLL (theory)
o =51+08+23pb &data)
MATRIX (NNLO) (theory)
o =24.3+0.6+0.9 pb (data]
MATRIX (NNLOF(Iheory
oc=19+14-13+1 %b (data)
MATRIX (NNLO) (theory)
o =17.3+0.6 + 0.8 pb (data)
Matrix (NNLO) & Sherpa (NLO) (theory)
o =7.3+0.4+0.4-0.3pb (data)
NNLO (theory)
o =6.7+0.7+ 0.5 - 0.4 pb (data)
NNLO (theory)
4.8+0.8+ 16— 13pb (data)
NLO+NNL (theory)
o =870+ 130 + 140 fb (dataz
Madgraph5 + aMCNLO (theory)
o =369 + 86 — 79 + 44 fb (data)
MCFM (theory)
o =950+ 80 + 100 fb (data)
Madgraph5 + aMCNLO (theory)
o =176 + 52 — 48 + 24 fb (data)
HELAG-NLO (theory)
o =0.65+0.16-0.15 + 0.16 - 0.14 pb (data)
Sherpa 2.2.2 (theory)
o =0.55+0.14 + 0.15 — 0.13 pb (data)
Sherpa 2.2.2 (theory)
U:2415+5—4fb2dala) n
NLO QCD + EW (theory)
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Searching for new physics beyond SM

é;; Dark clouds on SM?

> Neutrino: Mass, Dirac or Majorana Fermion? > Hierarchy problem?
> Dark matter, dark energy? > Landau pole v.s. Triviality?
> ceeees

energy Frg Ny,
/

- ) .
- Beyond SM: Three Frontiers 2\ .
v Direct search:  LHC, SPPC, ------
Asymmetry y
v Indirect SCQfCh: 9-2 u:i:::,:::::s
B faCtOl'ieS BevnndNt::spt::Z::;ModO’

The flavor sector = Tau/charm factories
Precision measurements




More opportunities from FLAVOR physics

The flavor sector is sensitive to NP at very high energy scales:

> New particles may contribute to SM processes via loops, leading to deviations from SM expectations
> We may see (or perhaps already seen) evidence from NP from anomalies in flavor sector, before we directly

produce new particles in colliders

4 N

Muon anomalous magnetic moment Flavor-changing neutral currents (FCNC)

Sensitive to SUSY, leptoquarks,
flavot-changing Z’, composite Higgs, -+

, d, 3§
ﬁm ) x ; S
u- > > YN ~ ~
g KY g g KO
5 - x = (~. <
SR dR

Sensitive to SUSY, dark photon, ««----




Lattlce RCD

Capabilities and Limitations




Lattice QCD in a nutshell

LQCD is formulated as a Feynman path integral on a 4D Euclidean grid.

Simulations provide a stochastic computation follows QCD Lagrangian:

_ 1
L=P(iy*Dy —m)p — 7 GG

Gluon fields on links of a hypercube;

Quark fields on sites: approaches to fermion discretization — Wilson, Staggered, Overlap;

= Discrete: lattice spacing a — UV regulator; box length L — IR regulator;

: discretization errors (a — 0); O(a) improved actions;

= Finite volume (ML — o0): FV errors exponentially small for ML > 4;
w Chiral extrapolation (M,; - 135MeV);

= Numerical importance sampling of path integral: statistical errors.
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Lattice QCD in a nutshell

LOCD Observables:

e Building blocks: ensembles of gauge configurations; quark propagatotrs

« Hadron & interactions put in as external probes: N-point correlation function

LQCD Methodology:

w Generate gauge configurations;
= Calculate quark propagators on the gauge configurations;
= Formulate operators that best probe the physics:
- Low enetgy effective operators encapsulating SM/BSM physics;
w Construct hadronic correlation functions by the building blocks;
w Extract hadron ground states by reduction formula;

= Evaluate the hadronic matric elements.




Recover to continuum physics

Lattice V.s. Contlinmuum

we stmulate:
© At finite lattice spacing a
© In finite volume 3
© Euclidean space
& Lattice tegularization

© Some bare input quark masses:

am;, am,, am,, am

In general, mlat # mghy

we want:
@ a-0
@ Lo ow
@ Minkowski space = Lost the real

&) Some continuum scheme

o h
D mEt=m)

time information!

= Need to control all limits: particularly simultaneously control FV and discretization

= Universality: different input parameters must give converge results.

10




Recover to continuum physics

CLQCD

CLS

ETMC
QCDSF

BGR

JLQCD
TWQCD(plaq)
TWQCD(Iwa)
BMW(HEX)
BMW (stout)
PACS-CS
QCDSF
JLQCD
RBC-UKQCD
MILC

MILC

ETMC

u/d+s+c
N =2
Ni =2
Ng =2
N; =2

04 X + 4 o

®@oo » p

0.20

alfm] [

0.15}
0.10F
0.05}

0.00L

=
100 200

300 400

mps [MeV]

500 600

Source image from K. Jansen et al, added CLQCD (in preparation) in extras.




Flavor Phenomenology from LRCD

Leptonic § semileptonie decays of heavy hadron

CKM wmatrix elements § unitarity

12



The CKM quark-mixing matrix

The Cabibbo-Kobayashi-Maskawa (CKM) matrix parameterizes the mixing of quark flavors under weak interactions.

w 3X3 unitary matrix = three mixing angle & one CP violation phase
w- Elements largest along the diagonal = hierarchical structure as expansion in power of A = |I/,.[~0.22

w The CKM matrix elements are fundamental SM parameters that must be obtained by matching theory with

expetriment
PDG2020
Vi Vs Vs 1—1x2 A AN (p—in)
Vekm = Vea Ves Voo | = -A 1— 1) AN? +0(\Y
th V;_s th A/\3(1 —pP— in) —A/\2 1
£0.97401 + 0.00011 |0.22650 + 0.00048  0.0036110-00011 9985 ilg-94005
- ( 0.22636 -+ 0.00048 [0.97320 + 0.00011  0.04053F0-00083 - AeeHEeY
—+0.00023 —+0.00082 —+0.000024
\ 0'00854—0.00016 0'03978—0.00060 0'999]‘72—0.000035 25+ 0'0_222
= 107~ accuracy
0.9970 + 0.0018 1.026 + 0.022

= 107 accuracy

= 10 * accuracy
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LQCD inputs to the CKM matrix

Combing experiments + LQCD calculations of “Golden channels” provide the testing of CKM unitary.

ndirect searching for BSM

Single hadron in initial state and at most one hadron in
final state, both hadrons are stable in QCD

/ Vud Vus Vub \
T > fv K - fv, nfv B - v, mtv
Ay - ity
Vcd Vcs Vcb
Veknwr = | D - ¢v,mév Dgs— €v,D - Kfv B — Dfv,D*fv
A, = Ay, 2, - ELv Ay = A Ay
Vtcl Vti th
\ (BalBa) (Bs|Bs) /
B —» wtf B - K¥¢
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LQCD inputs to the CKM matrix

Combing experiments + LQCD calculations of “Golden channels” provide the testing of CKM unitary.

ndirect searching for BSM

Single hadron in initial state and at most one hadron in
final state, both hadrons are stable in QCD

/ Vud Vus Vub \
T — v K - fv, nfv B - v, mtv
Ay - ity
Vcd Vcs Vcb
Veknwr = | D - ¢v,mév Dgs— €v,D - Kfv B — Dfv,D*fv
A, = Ay, 2, - ELv Ay = A Ay
Vtcl Vti th
\ (BalBa) (Bs|Bs) /
B —» wtf B - K¥¢
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2+1+1

N¢

Ne=2+1

A quick glance of testing first-row CKM matrix elements

FIAG2021 f+(0)

2+1+41

FLAG average for Ne=2+1+1 KT[ .
% o “ f+7(0) direct, Ny =24+ 141:  f+(0)=09698(17) = 0.175% error

FNAL/MILC 13E

N¢

FLAG average for Ny=2+1

PACS 19 FNAL/MILC, PRD99(2019); ETMC, PRD93(2016)

JLQCD 17
RBC/UKQCD 15A
RBC/UKQCD 13

direct, Ny =2+ 1: £+(0) = 0.9677(27)

RBC/UKQCD 07

2+1
L

N¢

RBC/UKQCD, JHEP1506(2015); FNAL/MILC, PRD87(2013)

——— FLAG average for Ny=2

—{1— ETM 10D (stat. err. only)
——— ETM 09A

T direct, Ny =2 : £4(0) = 0.9560(57)(62)  ETMC, PRD80(2009)

e Cirigliano 05

Jamin 04
—— Bijnens 03

—— Leutwyler 84

055 087 09 L0l = frt/f L pure QCD including SU(2) isospin-breaking correction:

FIAG2021 fiez/frs

Ni=2

non-lattice

FLAG average for Ny=2+1+1 diI'CCt, Nf =) + 1 + 1 fKZl:/fn—:t S 11932(21) = 0.176% error

ETMC, PRD104(2021); CalLat, PRD102(2020); FNAL/MILC, PRD98(2018);
i HPQCD, PRD88(2013); ETMC, PRD91(2015)

ILC 11 (stat. err. onIY)
—1+— ETM 10E (stat. err. only)

FLAG average for Ny=2+1
gCDSF/UKQCD 16

'—'_.; a'é"g\/’ulnggg%gs direCt, Nf — 94 + 1 . fK:i:/fni = 11917(37)
= - bR RBC/UKQCD, PRD93(2016); HPQCD/UKQCD, PRL100(2008);
>—1—<

i3 MILC, 1012.0868; BMW, PRD81(2010); S. Diirr et al., PRD95(2017);

+— Aubin 08
1 + |l RBC/UKQCD 08

s i QCDSF/UKQCD, PLB767(2017)

- e o o o
ga o ccoor direct, Ny =2 fx+/frt = 1.205(18)  ETMC, JHEP0907(2009)

1.14 1.18 1.22 1.26
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A quick glance of testing first-row CKM matrix elements

= |Vud| and |VuS|3

Combing experiments data, the Ny =

2+ 1+ 1FLAG2I average:

| Vius| = 0.2232(6)
[Vus|/IVual = 0.2313(5)

FiaG2021 |Vl IVl
FLAG average fc
ETM 2.
— Cal
+ ik
i
o~
Il
F4
HH HH
—0— o
or Ne=
‘QCDSF/UKQCD 16
BMW 16
RBC/UKQCD 15A
RBC/UKQCD 148
— RBC/UKQCD 13
¥
o~
Il
F4
MILC 09A
Aubin 08
HPQCD/UKQCD 07
MILC 04
FLAG average for Ne=2
H ALPHA 13A
~ tH ETM 10D (stat. err. only) H
I — ETM 10D (stat. err. only) H
“ — ETM 09A H
Z ETM 09
= QCDSF/UKQCD 07 H
—e— HFLAV 18 « decay 260) —o—
—o—i Maltman 19 r decay [266 —o—
PDG 20 nuclear gdecay  [165]
Hardy 20 nuclear  decay [255]
T T T T

Ne=2+141

Ne=2+1

Ne=2

= fr and fx:

Nf=2+1:

N=2+1+1:
Nf=2—|—12
Nf=2:

FIAG2021  fy=

fot = 130.2 (0.8) MeV

fr+ = 155.7 (0.3) MeV
fx+ = 155.7 (0.7) MeV
fr+ = 157.5 (2.4) MeV

fice

FLAG average for N,.=2+1+1

ETM 14E

FNAL/MILC 14A

HPQCD 13A

MILC 13A

ETM 10E =

e
L

FLAG average for N,=2+1

JLQCD 15C

RBC/UKQCD 14B

RBC/UKQCD 12A H—
Laiho 11

MILC 10

MILC 10

JLQCD/TWQCD 10 —{}—
RBC/UKQCD 10A ——{J—
MILC 09A —H
MILC 09A

MILC 09 —]
MILC 09 —
Aubin 08 —+{H
RBC/UKQCD 08 +————}—+—
HPQCD/UKQCD 07

MILC 04 —

ETM 14D {1
ETM 09

n
FLAG average for N¢=2 ——
_|.|_

120 125 130

150 155 160 MeV

= First-row CKM unitarity

Ay = |Vud|2 + |Vus|2 + |Vub|2 -1

us

0.226

0.224

0.222

f+(0) + |V, q| from PDG: A, ~4.30

£ (0) + fic/ frr and [V} 4|
A, =2.3—260

[ 68%CL ellipse Ko/ T
- Without scaling S = 2.7
- é\’ “64
- Ve
| Emilie Passemar
“ <« fit with
unitarity
fit—
L vV
KI3 || us
1 c
0* > 0* 3,
- [
Vud - \‘—'2‘-
L l l L l L
0.965 0.97 0975 V.

ud




Now let’s turn to the heavy flavor parts......

VCKM —

v" Decay constant: (0|7|1)

/

\

Vud
T - Ly

Vcd
D - fv, fv

Via

(B4|Bg)
B - nte

Vus
K - fv, fv

VCS
Ds; = €v,D - K¥v
Ao = AV, E. - Efy

Ves
(Bs|Bs)
B - K¢¢

vertex « Vb

Vub
B —» v, nfv
Ay - v

Vcb
B - Dfv,D*fv
Ay — Aty

Vip

\

/

v" Form factors: (1|J|1")

“qolden chanwnels”

v Mixing parameter: (1|J*"=2|1)

0
B(s)

D 23 & s 5S
B(s)
s 2 ¢ ¢8O
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LQCD realization of heavy quarks

@ Problems of heavy quarks on discrete lattice:

Care about both IR (finite volume) and UV (discretization) regulators:

m,L = 4, and a~! > mass scale of interest 0 ® %N X
109 10! 102 103 10% 10° 10°
m, [MeV]

= Form, = mﬁhy~14OMeV, and m, = 1.3GeV, m;, = 4.2GeV, that needs:
More flavors, need finer lattice

« L = 5.6fm,
and a~! > 1.3GeV ~ (0.15fm) ! for charm
and a=! > 4.2GeV =~ (0.05fm)~! forbottom = N = L/a >» 120, N* » 108 lattice sites!

VERY EXPENSIVE to satisfy both constraints simultaneously......

19




LQCD realization of heavy quarks

Simulate b-quark on lattice: expand by 1/my,

Effective theory approaches

Need to include multiple operators matched
to full QCD (NRQCD, HQET, static);
Suitable for relativistic heavy-quark physics
calculations;

Come with systematic errors which are hard

to estimate/reduce.

Very finer lattice on the road......

HQET-inspired extrapolation method

o Same formula for light and charm, start to be
extended to the bottom region;

e Theotetically cleaner and systematically
improvable;

* Need small a to control extrapolation in heavy

quark mass.

Lots of efforts to produce very fine lattice spacings,

: : : h : :
Discrete simulation at ml; ¥ scale will become possible soon!

20



Decay constant

Decay constant f;, and fp_

Ni=2+1+1

Ne=2+1

Ne=2

FiaG2021  fp

fD

Can be extracted from Euclidean matrix elements of axial current:

(0[Azy|Dq(p))

our average for N,=2+1+1

FNAL/MILC 17
FNAL/MILC 14A

ETV I4E

ETM 13F
FNAL/MILC 13
FNAL/MILC 12B

.
EE

ﬂg_:z CD+<Q]

\/Nf=2+1+1:

ED”
D _ 1 1783(0.0016)
fp
v Nf =24+ 1:

our average for N¢=2

Balasubramamian 19
Blossier 18
H TWQCD 14
H— 1—H ALPHA 13B
- ETM 13B
—LH— ETM 11A
_|

—{H ETM 09

our average for Ne=2+1

xQCD 20A

RBC/UKQCD 17

xQCD 14

HPQCD 12A

FNAL/MILC 11
FP{}quACSCSll

HPQCD 10A

HPQCD/UKQCD 07

FNAL/MILC 05

fp = 209.0(2.4) MeV
fp, = 248.0(1.6) MeV
b,

— 1.174(0.007)

180 200 220 240

230 250 270

fp

: n

fp =212.0(0.7) MeV  fp, = 249.9(0.5) MeV

FNAL/MILC, PRD98(2018);
ETMC, PRD91(2015)

RBC/UKQCD, JHEP12(2017);

+QCD, PRD92(2015);

HPQCD, PRD86(2012), PRD82(2010);
FNAL/MILC, PRD85(2012);
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24141

N¢

2+1

N¢

Ne=2

2+1+1

N¢

2+1

N¢

Nf=2

FIAG2021 fs [MeV]

our average for Ny=2+1+1

( AT ) * Experiment measurements:

HPQCD 17A

H ETM 16B
H ETM 13E

il HPQCD 13
il

our average for Ny=2+1

B(B; — n ) < (1.9) x 10719 at 95% CL,
N A RecacD 1 B(By — utu™) = (2.697031) x 107, LHCb, CMS, Nature522(2015)

H{ RBC/UKQCD 13A (stat. err. only)
—H{ HPQCD 12

HlH HPQCD 12/ 11A . . 4l
g raebos - » Lattice calculations: Sensitive to NP

our average for Ny=2
ALPHA 14

+
L 1 .
Eert Rl (0|A*|B,(p)) = ipls fB,
H—
—
‘Lg

—
H —+— ALPHA 12A
+— ETM 12B
H—— ALPHA 11
— ETM 11A

T 090 v Nf =24+1+1: ~ 1% error

160 175 190 205 220 235 250
FIAG2021 fs, [MeV] fp = 190.0(1.3) MeV
our average for Ni=2+1+1 fz, = 230.3(1.3) MeV

ENALMILC 17 )
HPQCD 17A

ETM 168
ETM 13E st

HPQCD 13

FNAL/MILC, PRD98(2018);
ETMC, PRD93(2016);
= 1.209(0.005) HPQCD, PRL110(2013), PRD97(2018)

EiN

our average for N,=2+1 B

RBC/UKQCD 14
1 RBC/UKQCD 14A

Egg/ggclygo 13A (stat. err. only) \/ Nf — 2 _|_ 1:

HPQCD 11A
FNAL/MILC 11

HPQCD 09 fB =192.0(4.3) MeV RBC/UKQCD, PRD91(2015), 1812.08791;

our average for Ny=2

i fB, = 228.4(3.7) MeV FNAL/MILC, PRD85(2012);
HPQCD, PRD85(2012), PRD86(2012);

'

T
7.8

H lTT

[
i

s

#ﬁfl

]

Hisecha f
ETM 128 B
ETM 114 7 = =1.201(0.016)

210 230 250 270 290 B

!




Form factors

v" Significantly more information (functions v.s. numbers)

v" LQCD calculations of 2-point & 3-point function

T-% o ikolsie Toe

/ . . _ . . . .
Conformal mapping: z-expansion — wider kinematic range e groad sl

Lt E2

t == - — , O CPC, Vol.46, No.1

2 2
o Qmax gmﬂ'

v LQCD + experiment - CKM matrix elements

NS

v" Better precision needed for BESIII, LHCb and Belle 11......
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Form factors for heavy baryon semileptonic decays

R

0.08, 0.11 140-360 S.Meinel, PRLI118,028001(2017)
S.Meinel, G.Rendon,
A, - A(1520) 0.08, 0.11 300-430 PRD105,054511(2022),
PRD105,L051505(2022)
A.—>n 0.08, 0.11 230-360 S. Meinel, PRD97,034511(2018)
B, 2 0.08, 0.108 290, 300 Q.A. Zhang, et.al, CPC46,011002(2022)
A, - A 0.1555 550 H. Bahtiyar, Turk.J.Phys.45,(2021)
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A — A form factors from LQCD

1.1

1.0

0.9

0.8

0.7

0.6 |

0.20
C\IT'\
= 0.15
O
» 010
e |
Nc_ o |
3 |°g 0.05
o !
O | |
0.00 L
0.0

| I I

fo(Ac = A)

|
0.2 0.4 0.6

qz/qrznax

—AC — A e+l/e

~ N — Aty

0.2

0.4

016 018
q° (GeV?)

1.0

1.2

Ne=2+1+1

Nf=2+1

S.Meinel, PRL(118)2017
F(Ac = M) [ 0.2007(71)(74) ps™', £=e,
| Vis|? 0.1945(69)(72) ps~*, £ = p.
FiaG2021  [Vdl A
1 our estimate for Ne=2+1+1
HPQCD 21A
HPQCD 21A (¢2=0)
—— FNAL/MILC 17
ETM 17D/Riggio 17
A ETMI7D (020 A
- ETM 14E -
. our estimate for Ny=2+1 -
I RBC/UKQCD 17
i [ Meinel 16 —— Hlﬁ
TQCEb 1% T
—A— HPQCD 11/10B —A—h
e HPQCD 12A/10A
H—TH—H FNAL/MILC 11 —
- our estimate for Ny=2
Balasubramanian 19 -
-— —- ETM 13B
——@—  nheutrino scattering
Y CKM unitarity Y

non — lattice

020 022 0.24

0.95 1.00 1.05
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A;, » A(1520) decays from LQCD

BESIII first measurement A, - A(1520), A, —» A(1405)

B(AT — A(1520)e™ ve) [B(AT — A(1405)e™ ve)
Constituent quark model [7] 1.01 3.04
Molecular state [8] —— 0.02
Nonrelativistic quark model [9] 0.60 2.43
Lattice QCD [11, 12] <0.512 + 0.082 ——
Measurement 0.99 4 0.51 £ 0.10 1.69 £0.76 £ 0.16
P - PRD105,054511(2022),
10— ¢ eV, data
A*> A(1405 PRDI105,L051505(2022)

W
N
)¢

Events/0.01 (GeV/c?)

14 1.5 1

Je'v, — total fit

- Ao K ey,
Ar— pKn*n®

= other bkgs

-m= Al KUY,

17 18
M - (GeV/c?)

. ami e
" b
.6

BESIII: 2207.11483 [hep-ex]

Exotic A(1405)?
>
S
~ 0104 —Ac—Aetv
'a 008 —-A. > nety,
o e A. — A*(1520) et v,
’_8' 0.06
~
~ 0.04
S
0024 ]
0.00 L N - : : : : "‘\I\
0.00 025 050 075 1.00 125 150 1.75
¢* [GeV?




A; = A: LQCD v.s. Experiments?

+ + 3} ==:DATA: A;— Ace'v,
----- DATA: Af— A &
02 " e+v° = - LQCD: Al— Ae'v, // _
q’h L e LQCD: A;— Ae'v, (:,"‘ /:‘.’ L t:l?:
s & e
o 0.15
on, 0.1F 3 0 0.5 1
<) N 2 (GeV¥c%)
= BESIII, 2207.11483 [hep-ex] 3%, 1
© 005 S.Meinel, PRL118,028001(2017) %
0 | | | | | | g‘;
0 02 04 06 08 1 12 =
g (GeV?*/c%)
- - 04 ' '
v : - - ' 0 0.5 1 0 0.5 1
No clear difference in decay widths 1s observed 7 (GeV2/ch 4 (GeV?/c)

within uncertainties;

v Measured FFs show different kinematic behavior compared to LQCD calculations.
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Ec; — 2 form factors from LQCD

&) A different pattern between inclusive and exclusive decays of A, and D

BN} - Xetv,) =(3.95+£0.34+£0.09) %

BN} - Aetv,) = (3.63 £0.38 £0.20) %
~1

BESIII, PRLI21, 251801(2018)

BD° - Xetv,) = (6.49+0.11) %
BD° - K~e*v,) = (3.542+0.035) % 1 ~D

» Z. contains more versatile decay modes, will reveal more QCD dynamics

» EZ.— E. mixing effect
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Ec; — 2 form factors from LQCD

2.0 1

)

—
(=)
—_—

Ji(

—

—c

)

g,(

—
(=)

—t

—

= (ps7'GeV™Y)

—c

dq?| Vel

0.00 1

1.8 1

1.6

1.4 1

0.7 1

0.6 1

s080
s108

-0.2 0.0 0.2 0.4 0.6 0.8 1.0

¥ s080
F s1o08

-0.2 0.0 0.2 0.4 0.6 0.8 1.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2
q* (GeV?)

v' Branching fractions:

RB (B0 > Ee'y,

[H

(2~

PB

+ 5 B2ty

T

B (5 - Bty ) 6.91(0.87)(0.91)(0.19) %

W

LCSR % (E) > E-e
v Determination of |V¢|: (1[?{510
= from ALICE results: 0.15
[Ves| = 0.983(0.060)star. (0.065)syet. (016 T)erp.
= from Belle results:
|Ves| = 0.834(0.051)stat.(0.056)syst. (0.127)exp. 05

= PDG average:

|V..| = 0.97320 + 0.00011

) = 2.38(0.30)(0.32)(0.07) %
- & ,u"‘yﬂ) 2.29(0.29)(0.30)(0.06) %
e) 7.18(0.90)(0.96)(0.20) %

0.00L

T

|

)=(1.8+12)%
) =(1.72+0.10 £ 0.12 £ 0.50) %
) =(243£025£035+0.72)%
)=BA4+1D%

(3.49£0.95) %

) =
) = (24799 %

v v dvwv
o e, 0_a 0000
+—+ +°*x+’25+‘.’PA x s
3 N A - -
5v+ + .+ +7A
43b FoeX

@
100 200 300 400 500 600
mps [MeV]

* First work on CLQCD ensembles
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E; — E; mixing from LQCD

) Mixing:

=, cosf sinf =3

= —sinf cosf =9

He, et al., PLB823,136765(2021)

branching ratio(%)
channel -
experimental data |fit data(pole model) |fit data(constant).
AF = A%t 3.6 £0.4 3.61 4+ 0.32 3.62 +0.32 Triplet
AF = Auty, 3.5+0.5 3.48 +0.30 3.45 4+ 0.30
=F - Z%ty, 23+15 3.89 £0.73 3.92+0.73 N N
=0 =T —_ ++ X Sh
20 5= efv.| 1544035 1.29 +0.24 1.31 £0.24 0 A+ =+ > \/5 \/c§
202 uty,| 1274044 1.24 +0.23 1.24 +0.23 ¢ ¢ s+ o =%
— — c —c
fit parameter | fi1 = 1.01 £0.87, §f1 = —0.51 +0.92 Tcg — —A+ 0 ':..0 TC6 - 2 2C V2
x*/d.o.f =1.6 ¢ ¢ =+’ =0
(pole model) | fi{ =0.60+0.49, 6f{ = —0.23 £0.41 =+ _=0 S 2 OO
e e C
fit parameter | /1 =0.86:£092, 61 = 0254088 |, . o ¢ ¢ V2 V2
.0.] = 1.
(constant) | fi =0.85+0.36, 6f] = —0.43+0.50 | X

More details see Fei Huang’s talk......
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E; — E; mixing from LQCD

) Mixing:
= cosf) sinf =3
= —ginf cosf =6

* Determine the mixing angle:

v Ke, Li, PRD105,9(2022)

0 =16.27 +2.30 or0 = 85.54" + 2.30°

v' Geng, et al, 2210.07211, 2212.02971
6 = 0.137(5)1 = 24.66(9)°
v' Aliev, PRD83, 016008(2011)
6 =55 +1.8

Triplet
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E; — &, mixing from LQCD

& E. — £,/ mixing and SU(3) breaking:
=c ~c —~c =
<0';,'60.;.§> <0';,'6 0';6>
Sc  &¢ Sc =S¢
% -
10° - %*#% § =
%* -C
101 - ***** ** X non — diag
s ***
1672 **.)e **
***%**
1075 - Mo T,
#xx***
10°1 Nonzero non-diagonal term ”xiig
10711+ L - I§§ ¥
= mixing exists T$

0 5 10 13

20 29 30

>
2.8 - %% - T
~b *********%%xx:zxzé X {)(

¥ 3

2.4- *z***********#xxxxx Xii T | %
224
2.0 A L
1.8 A Z e ==
1.6 - = L

0 5 10 15 20 25 30
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=
L)
e

C

& E.—

— &, mixing from LQCD

E. mixing and SU(3) breaking:

101 o
10—4 .
10—9 .

107144 1

10—19 -
10—24 a
10—29 =

X =
E =
¥ non-diag
3¢
3¢

15

HHHW[HH

30

2.8 1

2.6 -

2.4 A

2.2

2.0 -

1.8 7

1.6 -

diagonalize (( 0

c

0

Oz,)

(0 40535))

>

* WW@%

-)(- 9(.-)(-*
>
*9(-
>* .
A roughly effective
mass of E. and E’
¥ =
X =
0 5 10 15 20 25 30
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E; — E; mixing from LQCD

) E. — E. mixing and SU(3) breaking:

Prior param.

» | Exact values

<OE§53§> <OE§553> diagonalize <<0

[1]
o
Ql
[1]
o
~~~
o
N——

_ _ 0 (05 04) Joint fit
<0';,'60=.§> <0';'60';'6> =c *c
—-c ¢ —-c =
* - ¥
1019 7T st = = 2:8 1 T
-4 **** X :C = o
107 1 ¥ 3¢ 5 oat - 2.6
L ***** X non-diag ****** <*:<
1079 A 2 3¢ 5 2.4 1 3 7% e 3 3 IR i 1%
¢3¢ *
1049 7T+ % % 5 .
11771 - 2.2 1 -
_— INE S S A roughly effective 1]
2.0 - -
10-24 - mass of . and E,’ 2
184 ¥ = B
—29 | =/
; T =
1 I 1 I 1.6- 1 1 I 1 I 1 I
0 5 10 15 20 25 30 0 5 10 15 20 25 30
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Semileptonic B decays

2

[nEw!|?| Ve |2 | F(w)

B — D* form factors at nonzero recoil

0.0014

0.0012

0.0010

0.0008

0.0006

0.0004

0.0002

Lattice QCD x|Vy|
Belle untagged
BaBar

Lattice QCD
Belle untagged e~
Belle untagged p~
BaBar synthetic

1.0

1.1

1.2

1.3 1.4 1.5

FNAL/MILC, 2105.14019

Determination of V.,

Lattice QCD Lattice + BaBar Lattice + Belle Lattice + both

ao 0.0330(12) 0.0331(12) 0.0325(10) 0.0320(10)
a —0.155(55)  —0.089(40) —0.160(44)  —0.148(31)
a2 —0.12(98) —0.16(21) —0.70(94) —0.60(22)
bo 0.01229(23)  0.01229(22) 0.01238(22)  0.01246(22)
by —0.003(12) 0.0123(69) 0.015(10) 0.0038(46)
ba 0.07(53) 0.36(17) —0.30(24) 0.02(12)
1 —0.0058(25)  —0.0008(11) 0.0010(17) 0.00008(94)
ca —0.013(91) 0.054(46) 0.035(57) 0.080(36)
cs —0.12(83) —0.34(76) —~1.11(56)
do 0.0509(15) 0.0516(15) 0.0521(15) 0.0526(14)
dr —0.327(67)  —0.197(50) —0.179(49)  —0.194(43)
do —0.03(96) 0.19(92) —0.01(90) —0.004(898)
x?/dof 0.64/3 9.28/5 111/81 126/84
SN a? 0.04(24) 0.035(71) 0.5(1.3) 0.39(27)
S¥®2+c?)  0.005(70) 0.15(18) 0.21(48) 1.2(1.3)
YNz 0.110(61) 0.08(35) 0.035(25) 0.040(15)
[Ves| x 10° 39.66(91) 38.18(82) 38.40(74)

0.0014
Joint Fit
¢ Lattice QCDx|V,]
0.0012 4 Belle untagged, e~
4 Belle untagged, u~
’? ¢ BaBar synthetic
0.0010 )
0.0008 E
0.0006 %w
0.0004
0.0002
1.0 1.1 1.2 1.3 1.4 1.5

V| = (38.40 £0.74) x 1073
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Semileptonic B decays

B — D} form factors and R(Dy) HPQCD, PRD105, 094506(2022)
3.5
: Egggg binned * Both b and ¢ quarks treated using the same lattice action as the
30 e light quarks = requires extrapolations in m;, but largely
E‘ . eliminates the renormalization uncertainty.
*f LHCb, PRD101, 072004 (2020)
Sy v |V,p| results with using LHCb measurements:

Ven| = 42-2(1-5)latt(1-7)exp (0.4)gMm

dl'(B,—D} p'ty,)
dw
—
(@

v' Prediction for 7- / u-ratio:

1.0
R(Dgs)sm = 0.2490(60)1t¢(35)Em

057770 11 12 13 14
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Semileptonic B decays

B — J /¢ form factors and R(J /Y)

0.200

0.175

0.150

2o(B. = J[u ) [T(B; = J/Yu~5,)
Fo(By = J[r70,) [T(B; — J/pu )

HPQCD, PRD102, 094518(2020); PRL125, 222003(2020)

* Same lattice methods and setups as the previous page

v" LQCD prediction for t- / u-ratio:

R(J/¥)sy = 0.2582(38)

v" For comparison, the LHCb result:

RU/lp)exp = 0.71(17)(18)

LHCb, PRL120, 121801 (2018)
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Semileptonic D decays from LQCD

D — /K form factors at zero-recoil

* D — m/K form factors at nonzero-recoil

FIAG2021 f?r“(O) f'iK(O)
+ - FLAG average for Ne=2+1+1 [ f
+ Q
(Ell— ~
- | HPQCD 21A  PRD104,(2021) =
(T F= ETM 17D PRD9S, (2017) | . Significant
improvement
- FLAG average for N,=2+1 HEH
* H—H JLQCD 17B ———H
]
z [ m: HPQCD11/10B PRD84,(2011) Ly
PRD82, (2010) ™
[ FNAL/MILC 04 . o
9 | +——o0—— ETM 11B 1 =
z
0.55 0.65 0.75 065 0.75 0.85

HIGZ?Zl

fo average
F f+ average

1.4 ~ f+ HPQCD 21A
F f+ ETM 17D
F fo HPQCD 21A
fo ETM 17D

12

10l

.
o
—a—
o1

| B | B S L B T

L]

0.8 ¢
g....|....1....|....|....|....|H,,|....|....|..-

i

0.00 020 040 060 080 100 120 140 160 1.80
¢* [GeV?]
F[AG2021
0.90_,|....|,.........‘.... L e e
L fo average
F f+ average 1
B f+ HPQCD 21A +H&—
0.85 i Jrf+ ETM 17D +He— |
r fo HPQCD 21A & 7
L fo ETM 17D e ]
0.80 |- ]
[ | | ]
0.75 | =
0.70 :— o J
0.65 :—% ]
0.60 :llllllllllIIIIIIIIIAIIIIIIIIIIIIAIIIIIIIIIIIAIIIIIIII:
-0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05

Z(q27 topt)
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Distribution amplitudes (DAs)

Retrieve the Lost “REAL TIME”
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EFT needed nonperturbative quantities

* QCD factorization of exclusive processes

0T - A
&E——<

Perturbative hard kernel

Wave functions / Distribution amplitudes (nonperturbative)

/dzf_;e,-mm— (0]91(0)n - yy5U (0,67) 9o @)|H(p)>

Light-cone correlations = real time dependent!
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Retrieve the “REAL TIME” on LQCD

LRLCP, must we g'we L returng? L

can only caleulate on Buclidean time. <
Re E

v Large-momentum effective theory:

connecting Euclidean lattice and physical observables

y
— Lorentz boost EFT
. oo : —
\‘:: —E__
Ji, PRL110(2013), 02
RMP93(2021), ...
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Retrieve the “REAL TIME” on LQCD

v Achieved great success in the studies of PDF:

5

4

— NLO (P,=2.8GeV)

_ — NNLO (P,=2.8GeV)
3| E— MMHT2014
% ,,,,, cT18
3
32
3
S

1

0

-1.0 -05 0.0 0.5

Proton unpolarized PDF, in preparation

1.0

2.8}

24r JAM 22

1.6}
1.2
0.8f
0.4}

-0.4}

du(x, p)—dd(x, p)

&= This Work

2t JAM 20

0.

-0.75 -05 -0.25 0. 0.25 0.5 0.75 1.

Proton transversity PDF, 2208.08008

[ DNN-abAsymp mmm JAM21nlo
[ Model-4p
— -~ xFitter

L= JAM21nlonll

Pion valance PDFE, 2208.02297
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LQCD determination of light-cone distribution amplitudes (LCDASs)

> Pseudoscalar meson:

1.50¢
1.25¢
1.00¢
0.75}
0.50}

0.25)

0.00

More details see Jun Hua’s talk......

(LPC) Hua, et al., PRL129, 132001(2022)

This work
—-= Asymptotic
Sum rule
[ OPE
1

0.00

X

TR 125l
1.00¢
0.75}

0.50¢

0.25f

v' Physical mass
v Continuum limit

v Hybrid renormalization scheme

This work
—-= Asymptotic
Sumrule — r=————————————
[ OPE
1

04 06 08 1.0 0.0

02 04 06 08 1.0
X
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LQCD determination of light-cone distribution amplitudes (LCDASs)

Ok, 1(x) Dy, (X)
i i
1 1
1.50 4 1.50 4
1 r
I 1
1.251 ; 1.25 e
. Te=< 42 - D
N (P ~a 1N
=
1.00 4 1.00 4 :
i
0.75 4 0.75 A :
i
0.50 A 0.50 A :
1
0.25 I 0.25 This work
This work —— Asymptotic
0.00 fmmmmmmmdo oo o mmmm e 0.00 pmmmmmmmdem oo T T el
—— Asymptotic —-— DSE
-0.25 - --=- Sum rule -0.25 --=- Sum rule
1 1
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
X X
Ok, 7(X)
i
1.50 4 H 1.50 4
i
1.254 1' 1.25
i
1.00 4 : 1.00
i
0.75 A : 0.75 4
i
0.50 : 0.50 A
1
[} 1
0.25 1 i 0.25 A This work
This work —— Asymptotic
0.00 F=mm=m=mde e . mmmmmdee e 0.00 Fmmmmmmmdem e T D mmmm e d e e
—— Asymptotic —-— DSE
-0.25 - ---- Sum rule —0.25 - ---- Sum rule
1 1
-02 0.0 0.2 0.4 0.6 0.8 1.0 12 -02 0.0 0.2 0.4 0.6 0.8 1.0 1.2

X

X

> Vector meson:

(LPC) Hua, et al., PRL127, 026002(2021)

v Physical mass
v Continuum limit

v Hybrid renormalization scheme
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LQCD determination of TMD wave functions

MILC: Re[¥(z,b.)] Re[V~(z,b1)]
1.2 4
1.0
0 More details see Zhi-fu Deng’s talk......
0.6 4
0.4 1
" > TMD wave functions:
0.0+ B b, =0.12fm by =0.36fm by =0.6fm 1 SO0 MILC:by =0.24fm MILC:b, =0.48fm
© by =0.24fm b, =0.48fm [0 CLS:b, =0.24fm [ CLS:b, =0.48fm . .
50 02 04 06 08 0 00 02 04 0.6 08 10 (LPC) Chll, Hua, et at, in preparation
xr X
9y MILC: Im[¥~(z, b, )| o Im[¥~ (z,b,)]
v" MILC + CLS ensembles
0.4 4
0] v'  State-of-art lattice and theoretical technics
" '-' v’ Latest soft function, Collin-Soper
] b, —0.12fm b, —0.36fm T MILC:b =0.24fm MILC:b; =0.48fm
by, —0.24fm by —0.48fm O CLS:b, =0.24fm W CLS:b, =0.48fm kernels......
_0'40.(.1 0.2 04 0.6 ' '

T T
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Challenges and opportunities

QCD describes the properties of observed matter tn terms of fundamental variables

and their interactions.

Significant progress wn lattice calculations n the past years although still many open

questions and unsolved problems remain - phenomenological and theoretical.

Extansive analyses already n light meson sector. Heavy £lavor physics on lattice 15

underway......
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Challenges and opportunities

> Form factor sector: » Scope of LQCD continues to increase:

O More charmed and bottom baryon decays
0 New methods, new technics,
OO0 Hyperon decays (super fine lattice?)
new measurements
» Other matrix elements: 0 Finer ensembles, higher precisions

O Lifetime (4-quark current) O More contributors

O Inclusive decays (4-point correlation function)

» Distribution amplitudes:

O BLCDA

Thank you for Your attention!
O Baryon & heavy baryon LCDA
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