Lattice QCD input to CKM matrix elements
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Most of the information are taken from:

1. FLAG Review 2019 (Aoki et al, 1902.08191)
2. Lattice 2019 talk by S. Gottlieb



Weak interaction and Lattice QCD

+ Lattice QCD is needed
> to interpret flavour physics data
> to extract the values of CKM matrix elements

* Most extensions of the Standard Model contain new CP- violating
phases, new quark flavour-changing interactions
= New Physics effects expected in the quark flavour sector

+ To describe weak interaction involving quarks, one must include
effects of confining quarks into hadrons.

+ Typically most non-perturbative QCD effects get absorbed into
hadronic matrix elements such as decay constants, form factors
and bag parameters

+ So far, Lattice QCD is the best tool to calculate non-perturbative
QCD effects with controlled systematics.

Using LQCD we can calculate two, three and four point functions with control systematics
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CKM Matrix

Vud Vus Vub
Vcd Vcs Vcb
Via  Vis Vi

down-type:

Wikipedia

» CKM matrix is unitary
= Each row and column is a complex unit vector
= Each row (column) is orthogonal to other rows (columns)

» Violation of unitarity is evidence of new-physics

» If two different processes produce two different values of the matrix elements,
that could also be evidence for new physics



Some relevant processes corresponding to CKM matrix elements:
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CKM matrix elements and lattice calculations
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processes on the lattice 2 CKM matrix elements

“Gold plated”

> One hadron in the initial state and zero or one hadron in the final state

» Stable hadrons (that is narrow or far from threshold
- easier to study on lattice)

» Chiral extrapolation is controllable



First row: Light quarks
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Weak matrix elements

vertex « Vb
\‘N_
mesnn Q pion

d

Compute nonperturbative QCD parameters
dU(B — wlv) dU(B — D™y) (decay constants, form factors, B-parameters,...)

dg? ) Jw EEE numerically with LATTICE OCD

¥

Y

(Experiment) = (known) x (CKM factors) x (Hadronic Matrix Element)

@Van de Water



Decay constants from Lattice QCD

In SM :

I'(H — () = My

T

5 v w |2 m? Y\’
fr |GFPQQT?'1.5| 1 — VE :

H

Pseudoscalar to vacuum matrix element

of the axial current > pseudoscalar decay constant
(O|A“|H (p)) = ip" fu. H A“’5 v
__ D dyF~yPe VE
(O|A*"|H (p)) (ﬂfH)_l/z = (P! /Mg )dp D. §vH~5 Lf*
s =20 /" cs
. — B by u Vi
fo = ou/NMp B, by'~ts  —

Renormalization constant (to match with continuum physics) :
Zan Al = A" + O (azalf;(moa)) + O (a®A* f;(mga))
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Leptonic decay constants

Need to calculate two point correlation functions :

o(t) =e™p(0)e
G(t, p) =Y e "3 (0lp(x)|n, d){n, dle(x,)|0)

_ Ze—EB(t—to)
n

—E"(t— N =
=D Woe T W T
n

(0lp(xo)|n, PY|

Two point function
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Need to calculate three point function :
T (1)

—P—
t, %

G?j%# P(tg?tl:ﬁ:ﬂ) = Z E_ip*ﬂfge—iqf:nl

3,27
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Observables in LQCD

<O>=Lim

1 - - —
poe = TF[ETTOWU, W, W)
[ DU D Dy O[U, , ] e Uror v

=Lim —
J.DU D\T’ D\I’ e‘Sg [UI-Se U, w,w]

B—>oo

Integrating out the Grassmann variables is possible since SF = i[!D lIJ

| DU{detD}™ O[U,D*]e™>"

<O >=
[DU {detD}"™ &>

=T1[au, % {detD(U)}™ e>™ O[U,D"]
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Analysis (Extraction of Mass)

G(T) — e—mlr+m1(r+1)
G(r+1)

Correlation Function

f(1,)—(G(t,))
s (t;)

Megr

dimensionless
mass

Determine d by measuring some physical quantity
and compare that to expt, like parameter tuning
in any renormalized field theory

3'd Heavy Flavour Meet-2019, lIT Indore
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Control of Sytemetics

Physical pion mass

Continuum Limit
Chiral extrapolation

7/ :”:

Chiral perturbation theory

mq (m;)

Input parameter d (aZ)
Finite volume Effect




Two and three point functions
C,°(t) =Y;(AL ) e~ Enct

N .
Cy° (1) =%(Ap,) e "

(pm: Can be obtained by
> fitting these two and three point function simultaneously
» constructing appropriate ratios



N:=24+1+4+1
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Nf=24+1+41

Nf=2+1

FTAG2019

FLAG average for Ny=2+1+1

FNAL/MILC 17

ETM 14E

FNAL/MILC 14A

ETM 13F

HPQCD 13A

MILC 13A

MILC 11 (stat. err. only)
ETM 1DE stat. err. cnr}r

FLAG average for Ny=2+1

QCDSF/UKQCD 16
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Laiho 11

MILC 10
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EMW 10

MILC 094

MILC 09

Aubin 08
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HPQCD/UKQCD 07
MILC 04

FLAG average for N;=2

ETM 14D (stat. err. only)
ALPHA 13A

ETM 10D (stat. err. only)
ETM 09

QCDSF/UKQCD a7

1.14

Ratio of meson decay constants
are easy to calculate and a good

way to test unitarity

PDG:

i
us

in

= 0.2
fr=

760(4)

Error: 0.15%
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(a*|VHIK®) = fE(q7) [Pk + Pl + 57 (@)Ip

“3 “3
i} _ My —
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Experiments tell us:

K semileptonic decay

2 2
my — m;

'[f?j)—a

g

g",

-

q.‘

s

b — Phl

Vo] £+(0) = 0.21654(41) : PDG

We just need the form factor f, (g% = 0) to extract | V.|

fo(0)= ff"u"'_{[}} = [*]"':U""_ (0) = ¢"{m (p) E’jfﬂu|I{{]['g:+jl}f(_-"|rff( — M2)

f+(0) from Lattice QCD:

0.9696(19)
0.9707(27)

MILC/FNAL
FLAG’19

I-!.E

-

0

£57(0)

Ni;=2+1+1

This work
FLAG N=2+41+1
ETM 2016

FNAL/MILC 2014

Nt=2+1

FLAG N=2+1
RBC/UKQCD 2015

FNAL/MILC 2012

Non-lattice

Bijnens & Ecker 2014
Kastner & Neufeld 2008
Cirigliano et al 2005
Jamin et al 2004
Bijnens & Talavera 2003
Leutwyler & Roos 1984
I B

0,94

1,02

S.Gottlieb’Lat19
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0227 AG2019 |

0.226

_ _ _ _ _ _ __ __ _ _ _ __ __ __ __§§ - __ _ __ __ __ __ __

[0 lattice results for f_(0}, ¥, =2+1+1
B lattice results for . /f,+, N, =2 4141
L1 lattice results for f_{0), ¥, =241

I lattice results for £ /f,-, N, =2 41
[ 1 Ilattice results for ¥, =241 41 combined
[ | Iattice results fur_ﬁ.rl, =241 combined
nuclear jdecay

0.219

0.955 0.960 0.965

0.975 0.980
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Vis |
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——
: i
1
—|
&
| i | | |
0.22 0.222 0.224 0.226

This work

This work (only neutral kaon exp. data)

Kj; ETMC 2016

Ky; Fermilab Lattice/MILC 2014

K;; RBC/UKQCD 2014

Ky, FLAG 2016 + fg FLAG Ni=2+1

Ky + fy/f; Fermilab Lattice/MILC 2017

1= s inclusive, Boyle et al. 2018

1= s inclusive + Kj; input, Boyle et al. 2018

= s inclusive, Hudspith et al. 2017

T= s inclusive, Hudspith et al. 2017 + HFLAV 2016 exp. input

T = K/t = mlv HFLAV2017+ f/f; Fermilab Lattice/MILC 2017
Unitarity with |V,4|=0.97420(21), RC from Marciano & Sirlin 2005

V| fX°"" = 0.21654(41) Moulson (CKM2017)
Vo] = 0.22333(61) (MILC/FERMILAB: PRD99,114509(2019)

S.Gottlieb’Lat19
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0,2325¢ Unitarity i
Results from K),, K;5 and the value of
0,23 i
|V ,al= 0.0.97420()21) from superallowed
nuclear B decays (1807.01146) 0,2275F .
implies a tension — _axglis
= 0,225 g . .
MILC/Fermilab: Phys.Rev D99, 114509 (2019) 02225 F———— # : _
0,22 : ]
0,2175 [V.a| + unitarity ]
0,215 ID,:EIEI — CI'E;'ES — ICI',IQ?I II | [I:,QB
|\"'Irur]|

Is there a tension?

24
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2+1+1
=0.99884(53); 2.2 ¢  f.+(0)

ARCAIEGCD 128
ARCAUWGCD 13
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H

MNe=2+1

= 0.99986(46) frt!fot

RO 07 | 2 T 1
FLAG avenage for by =2 - 099914(53), 16 o f+(0)

ETM 140 ftat es. anky|
ALEMA 130
ETM 100 fstat es. anky|

Jiu&ril o007

i g
= E1M 100 bt ex- oy =
I : | .;;L\f,fg__,m;_”; I - | = 099999(54) fKi/fT[i
I_l'i_( ﬂ'&-"‘h 07 {stat. e anly] F
|_|——| Loeh' s I—-Il_ ; _|—|
—a— HFAG 16 ¢ decay Pyl
’_ﬁ_‘ Hudsaitn 17« dacay and |« 224 ’_H
Hudspin 17 + decay and & 2724

| HH | Hardy 16 muciear g decay |P|:|"'| HIH

0.22 0.23 0973 0. 9?5

FLAG'19

25



Leptonic

Second row: charm quark
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Semileptonic
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Charmed meson Decay Constants

T wdsesea |

*
fﬂ“ =21 lﬁ(OSqu(O quqt(ﬂ 2 [ e rnc ’0 Z]E‘ﬂ scheme MeV, . |

»
fo+ =212.7(0.3) 4, (04) 5 (0.2) . 10.2]n scheme MeV, u,d, s sea

", 1 i .

|-

fﬂs — 249'9{0'3Jﬁtﬂt(ﬂ'z;]ﬁy'ﬂt([-]'z]fg_p[m IOZ]E“ scheme NIEV, ke
Al
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RBC/UKQCD 17
xQCD 14
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HPQCD 10

ELIIJ 31@ 225 235 2.-1& Aaa EE}J .ET}
fpr (MeV)

MILC : PRD98 (2018) no.7, 074512, arXiv:1810.00250

fp, (MeV)



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

I,
o

= 1.1783(0.0016)

=241 +1

F=d,

Py =2F 1

FIG2019

fp
I I 1 I
O verage e Mpmd 414
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O ETH 13F
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G0 A0 b M= 41
RACARD@D 17
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=

O A i Myl
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fo /fp

i

QUr average for Ne=2+41+1

FNALMILE 17
FNALMILE 14A
ETM 14E

ETM 13F
FNALMILE 13
FNALMILE 12B

4

LIl
TLT

our average for N,=2+1

REC/UKOCD 17
HPOCD 12A
FNALMILE 11
PACS-CS 11
HPQCD/UKGCD 07

; FNALMILC 05

-

T+

"
L

—Hll—
-

_D_|

our average for Ny=2

TWOCD 14
ALPHA 13B
ETM 138
ETM 11A
ETM 09

110 L5 120 13

FLAG'19
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V.qg and V.

PDG: fplV.qal =45.91(1.05) MeV
fp.IVes| = 250.9(4.0) MeV

|Vcd| = 0.2152 (5)f0(49)expt(6)EM MILC/FERMILAB

= 0.2166(7)(50) FLAG'19
V.| =1.001 (Z)fDS(16)expt(3)EM MILC/FERMILAB
= 1.004(2)(16) FLAG'19
BES-III: Dy — pty, Phys. Rev. Lett. 122, 071802 (2019)

fﬂs “:fi‘ — 2“]—'62 T B-Gstat. T 335\,5 — 2462(50):&1(‘\;

[Ves|sm, p, = 0.9822(2) 51, (20)expt(3)Em
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M =2+1+1

Me =2+ 1

N =2

Charm semileptonic decay

Dn K
62019 T+ (0) (0)
— FLAG average for Ny=2+1+1 ——
—l EITM1/D ——
8- FLAG average for Ny=2+1 HiH
H—C JLQCD 178 H——
+BH  HPQCD 11/10B il
-1+  FNALMILC 04 —t+— H—
H—_—+ ETM 11B —H——t
0.55 0.65 0.75 065 0.75 0.85

i“e'TIZQ-I-l:

HPQCD: Phys.Rev. D82 (2010) 1145086,
Phys.Rev. D84 (2011) 114505

D7 (0) = 0.612(35)

Np=2+1+41: ,
! 1K (0) = 0.765(31)

ETM: Phys. Rev. D96 (2017) 054514
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FCAG2019
. . '—_|- our estimate forN,=2+1+1  Lgu|
Squares: leptonic " ENALMILC 17 L
Triangles: semileptonic 9 B i VR e Sy
= f ETM 14E H—*—H
D . . - our estimate for Ne=2+1 -
ominant errors: _ ol RBCILIKOCD 17 b
. . + Meinel 16 ——h—
Experimental (leptonic) « 1QCD 14 b
. . I — HPOCD 11/108 —aly
Theory (semileptonic) 2 - HPQCD 12A/10A -
—L FMRAL/MILC 11 —+—
o~ - our estimate for Ny=2
'J_ Blossier 18 H——
= I ETM 13B
m
o
= —@—— neutrino scattering
n ® CKM unitarity ®
c
e

0.20 022 0.24 0.951.001.05

FLAG'19



Summary of |V 4| and [V

leptonic decays, Ny =2+1+1: Vea| = 0.2166(7)(50),  |Vee| = 1.004(2)(16) ,
leptonic decays, Ny =2 +1: Vea| = 0.2197(25)(50), |Vie| = 1.012(T)(16),
semileptonic decays, Ny =2+ 1+1: |V, =0.2341(74), Vee| = 0.970(33)
semileptonic decays, Ny =2+ 1 Voal = 0.2141(93)(29), |V..| = 0.967(25)(5)
semileptonic A¢ decay, Ny =2+1: Vee| = 0.949(24)(51)
FLAG2019, Ny =2+1+1: Veq| = 0.2219(43), Vel = 1.002(14),
FLAG2019,N; =2+1: | [Vea| =0.2182(50), Vel = 0.999(14),

Errors : 1.9-2.4% and 1.5%
Lattice QCD needs to improve semilleptonic results

S.Gottlieb’Lat19
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Second row unitarity

Veal® + [Ves|*+|Vepl? + 1.050(2) ., (32) 11,1 (O, 1.6 sigma effect

. 0.996(64) (semileptonic decays...ETMC 1706.03657)
semileptonic decays yield smaller value of V.|,
hence better agreement with unitarity
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Third column: Bottom quark

/ Vud Vus Vub \
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th_ Vts_ Vib
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B hadron decays

" Leptonic and semileptonic decays are being studied in LQCD
» Mesons are extensively studied
» Baryon results are also coming

" Rare decays involving flavour changing neutral currents are also studied

» FCNC vanish at tree level in SM, so a good place to look for new physics
» Some tension between SM predictions from Lattice and LHCb measurement
» Alternative to B-meson mixing for determining |V;q| and |Vis|

WHEPP 2019



Leptonic decay constants of B(qg,s,c) mesons

2

2
mpg ml
I'(B- lv) = gG,%f,29|vu,,|2m,2 (1 — m—%)
BB~ —=1r) = 0.91+£0.22 from Belle,

= 1.79 £ 0.48 from BaBar.

= 1.06 = 0.33 average,

Valfp = 0.72£0.09 MeV from Belle,
1.01 £0.14 MeV from BaBar.
7

= 0.77 £0.12 MeV average,

FLAG'19
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Fer =2 71T %1

Py =2 <41

Py =2

T T T T T T T T T T T T I I I I
o averge for 4! 41 4 o weraga b By w4 41 + our average for My=2 +1+1
FHALMILC 1T n FALMIL 17 o FNAL/MILC 17 1
4R0ED 1A : e amr ) FNAL/MILC 17 2
ETM 15 I U 158 Il HPQCD 174
ETM I 3 I EMTE e ETM 168
HRQCD 13 < il r ETM 13E
e HPQCD 13
- QL A o =l o ] .
—+H—— RBQROD 141 d Or Mg A Rrynd —— our average for My=2+1
i RBCKGCD 142 f i . RCAMOD 14 — RBC/UKQCD 141
= RBCIRGCD 144 : HiH A 144 i N e | RBC/UKOCD 14 2
H{H ABC/UROCD 134 tat er. arly) ;IT RECAROD 134 (k. e o) ft — - ':. y REC/UKOCD 14A
B HPQCD 12 . I— R0 12 I - RBCAUKOCD 13A (stat. err. only)
:?‘D{:l].?.']].ﬁ. F HEH :?ﬂ{:l:l].ﬁ. 4 HHEH HRQCD 12
FRALMILC 11 FRALMILC 11 < FNAL/MILC 11
_— HPOCD 8 - HROCD 09 : . N ,  RBC/UKQCD 10C
+ marans H_b_H HPGCD 03
— 0L erag fr Ny =l —— o avera o iy =1
—— BLPHA 14 . . a1 our average for N, =2
1+ ALPHA T3 1 AL LS —
—— ETH 138, 13C ol T ALPHA 13 o~ H = 4 ALPHA 14
|/ AT, T = = ETM 138, 13 ) , 0 . ALPHA13
—T— ETM 138 w [ —T— HLPHA 124 W - ETM 138, 13C
H——H ALPHA 11 < H1H ETM 128 P | . | ALPHA 124
—{1— ETH 114 1 ETM 114 ! 7 I ETM 12B
H—r— ETM 040 ETH 03D ; 7 ; ETM 114
| | 1 | 1 | 1 1 1 | | 1 | 1 1 |
160 175 180 205 220 235 250 210 230 250 270 290 1.10 1.15 1.20 1.25
FLAG'19
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For = 1894(0.8) 4 (1.1) 3 (0.3) 0.1y scheme MeV, [,/ fae = 1.2180(33)5(33) 5y (05) 1, 03} scheme-

sat

fa0 = 190.5(0.8)(1.0)5y(0.3) . [0.1]et screme MeV, [,/ 50 = 1.2109(29) 45 (25) 53 (04) ;. [03]ent scheme:
f5, = 230.7(08),4,(10),,4(02), 0.2t seme MeV. I8,/ fp, = 0.9233(25) g (42)s54(02)y, (03] scneme:
Np=2+1+1: fg = 190.0(1.3) MeV
Ny=2+1+1: fr. = 230.3(1.3) MeV
Ni=2+1+1: Ib. _ 1.200(0.005)

fB
FLAG’19
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Ny=2
Ny=2+1
Niy=2+1+1
Ny =2
Ny=2+1
Np=2+41+1
Ny =2
Ne=2+1
Np=2+1+1

Belle B — 71+
Belle B — 71+
Belle B — 711 :

Babar B — v,
Babar B — v,
Babar B — v,

average B — 11, 0
average B — Ty

average B — Ty

Vus| = 3.83(14)(48) x 1073,
Vip| = 3.75(8)(47) x 1072,
Vs = 3.79(3)(47) x 1073

V5| = 5.37(20)(74) x 1072,
V,s| = 5.26(12)(73) x 1072,
Vp| = 5.32(4)(74) x 1072,

II
II

Vsl = 4.10(15)(64) x 1073,
V| = 4.01(9)(63) x 1073,
V| = 4.05(3)(64) x 1072,

FLAG'19
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B meson semileptonic and rare decays

Semileptonic decays :

B — wlv, By — Klv, B — K*(v, Ny — plv

B — Dlv, B — D*(v, B, — D" iv, Ay — A v

dl(Bio—Ply)  GLIV,? (¢2-m)2/EL—m3 ¥ : ; 9, gy
(5] _ Gyl g £ I i (1 _I__;Luh i"”-fg,_ﬁl[Ef:r_m-:::”f—':,ffg,ll

dq* — Und 7'my
Imi 9 949 0
+ zz(mp, —mp)|fole)
Rare decays (FCNC) :

B syt . Bi—puTu=,B— K(ti~

|‘J
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1.0

0.8

0.4

Blg*)olg®) f5 ™ (¢?)

0.2

FLAG2019
|

B->rlv

|
fo BCL ft
f+ BCL fit
f+ HPQCD 06
f+ FNAL/MILC 15
£+ RBC/UKQCD 15
fo FNAL/MILC 15
fo RBC/UKQCD 15
BaBar untagged 12bin
{ BaBar untagged 6bin
Belle tagged 13bin
Belle untagged 13bin

% Belle tagged 7hin

% iis

it

%

111111t ed

-01 0.0 {}.1 [}.2

0.3

FLAG'19
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Inclusive Vs exclusive decays

Long standing difference in the determination of |V, |

4.8 T T T T T T T T T -
16 F T T T T A
1 L T
4.4 F .
» . ]
4.2 F L L _
. |
1.1 .
::.E: 1 1 i
38l .
T . _
[ T T 1
34} . -
»
o [ [
E inclusive
ank L L 1 1 E exclusive i
CHEM unitarity
2.8

20049 211 2013 2005 17
VAT

S.Gottlieb’Lat19
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Ne=24+1+1

Ne=2+1

=2

non— latt. Ny

‘Vub‘ from FLAG

3
FIRG2019 Viblx10
» , B—=1v (BaBar)
— = B—1v (Belle)
- , B—1v (average)
- FLAG estimate for Ny=2+1
- B-ntv
| HEH | BTV {BEBHI"}
H—— B-1v (Belle)
Y | B-1v (average)
=  B=1v (BaBar)
—t — B—1v {BE”E‘}
- | B—1v (average)
+e+  HFLAV inclusive (GGOU)
3.0 35 4.0 45 50 55 6.0

* BaBar and Belle leptonic decays
results don’t agree very well.

¢ | eptonic error totally dominated by
experiment.

¢ Semileptonic result is more precise.

¢ Tension between inclusive and
exclusive determinations.

¢ Critical role for Belle 1l for both
leptonic and semileptonic results

¢ |_attice semileptonic will improve in
the next couple of years as
N=2+1+1 results become available.

Vi, = 3.73(0.14) x 1072, i.e., 3.8%
S.Gottlieb’Lat19 “



B - Dlv

Scalar and vector form factors : 2

(Dipp)|ieyb|Blps))

MmpMmg = h.|.('IL-')(U'B -l_ UD)# + h’— (T.U]('UB - IU.D)I.I'.'.‘

f(d®) =52 [A+ r)he(w) — (1= r)h_(w)] ,
fol®) =7 [EEh () + 2R (w)]
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B - D*lv

Vector and axial-vector form factors : 4

(D*V,|B) = \/mpmpehy (w)e 056" V] *ug
(D*|A,|B) = iy/mpmp- [h_ql(- )1+ w)e™ = hay(w)e” - vpupy — hay(w)e” - ’UB’L'D*#}

dl’ - GZm3
B E;J;:[}[ A 4178?173 (ﬂ15+'?nﬂ)g(w2 . 1)3ﬁ|nEW|Q“izb|E g(w)lﬂJ
| Ggm},. - v
B EEEUI L = 11:_1,1 [mB_nlﬂ")ﬂ(wE _I)UEMEWF' ch EX(w”" (w”Q!

VP =PP/MP  w = vp - vy mew = 1.0066



EG]ED 19

1.3 1 I 1 | | _
T fo BCL fit
T T+ BCL fit
1.2 + E + £+ HPQCD 15
f4+ FNAL/MILC 15C
— T T fo HPQCD 15
11 fo FNAL/MILC 15C
e’ 4 ﬁ aBar 2000
3 T { Belle 2016
= 10 F
L
& 0.9 i %
= =] % %
= - m
P
0.7 i
0.6 | | | I | |

:

-0.03 -0.02 -0.01 0.00 0.01 0.02
z(qgafunL]
R(D) = B(B — Drv)/B(B — Dtv) with £ = e, u

R(D) = 0.300(8) R(Dy) = 0.314(6)

MILC: Phys. Rev. D92 (2015) 034506,
HPQCD: Phys. Rev. D92 (2015) 054510

0.03

FLAG'19
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HPQCD B, — D. 1906.00701

-—-  NRQCD [1T03.00728]

-—- this work
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HPQCD B — D‘E‘S)

BS%'D; B — D~

o Fo— ——— — ' 036
— I]-_.H, — I e T E, = [Kp ) i
dl' [ - Sy e
_ 3.7|'-'HJ — U,r ] f1 I_.H, —& U,p: 1) 1 {
nan
[N
0.EL
e
<= nEn
0.70
0. |:|:1-.|:l.171.|1 D A2T 0.500 (1.535 0.600 OU6SD 0.5
Tl e T ]
S
12 e 1.0 102 1104 |.iE- :.iE 10 E 1.14 LG
s
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13 FLAG2019 ] ] — , Rare decay:
[ average
N B->Dlv [+ average . - utu"
2 1 i £ Bs > nn
fo HPQCD 15 88—
1.1 + [ | fo FNAL/MILC 15C e
E LHCb, CMS: Nature 522 (2015) 68
1.0 [ ] _

Bl )o(q?) S5 P ()

09 |- « I i F8(M2)/ £50 (MR ) = 1.046(44)(15),
m o

08 I 1 167 (M2) ) £67 (M2) = 1.054(47) (17)

0.7 .

s L . , , , , . MILC: Phys.Rev. D85 (2012) 114502

' -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03

atqutuplj s .
fo? (M2)/ £5” (M) = 1.000(62)

R(D) = B(B — D7v)/B(B — Dtv) with £ = e, £ (M2) /£ (M2) = 1.006(62)

R(D) = 0.300(8) R(Dg) = 0.314(6) HPQCD: Phys. Rev. D95 (2017) 114506

MILC: Phys. Rev. D92 (2015) 034506,
HPQCD: Phys. Rev. D92 (2015) 054510



B(B+ — Jjrtu)

R(JW) = BB — Jbpty,)

= 0.71 £ 0.17 (stat) + 0.18 (syst)

LHCDb : Phys. Rev. Lett. 120 (2018) no.12, 121801
SM : 0.25-0.28



LH—

Form factors - g
< B I B
" B - n.lv
") M? —m? M?* —m?
(Ne(p)|V¥|Bo(P)) = fi(q”) |P* + p* ————¢" | + folq") p g
" Bc = J/Ylv
u u 258‘“”3’0- " 7 #l 7
(J/w(p,e)|VF—A |Bc.-(P)>:M—m8vaPGV(q ) — (M +m)e™ Ai(g™)+
g" - g 5 e )
i +?ﬂ (p+P)" Ax(q) +2m ngq“A:a(q')M qzqq'“Ao(q')
q=P—p
qﬁm : Outgoing hadron at rest

q3 — () :Maximum recoil



0 2 4 6 8
7 [GeV?]

Colquhoun et al HPQCD : 1611.01987
A. Lytle : CKM2016

NM : Lattice 2017




‘Vcb‘ from FLAG

» Good agreement between the two FIAG2019 IVeplx10°
decay channels for 2+1 flavor | | | | '
|lattice form factors. BoD" v (BCL)
* [ension between inclusive and
. i T+ B—D"¢v (CLN
exclusive is not that bad. & ~D év(CLN)
I i B—D¢'v
=
— B—(D.D " )¢v (BCL)
1 B—}(D,D*jfv (CLN)
|
Il O B—Dfv
Z
i
0 —o— HFLAV inclusive
8]
36 38 40 42 44 46



Semileptonic form factors in baryon decays

Ao — Ny iﬁlb — PEU i',‘!l..b — i"'L,: 1
Alternate ways to get |V | Alternate ways to get |Vp,| Alternate ways to get V|
(A|3y* (1 — 5 )e|Ae) Detmold et. al.: Phys. Rev. D92 (2015) 034503,

Wﬁeﬁif”cﬁ' = 0.2007(71)(74) ps~!. Possibility of exclusive determination of |Vub|/[Veb|
T oM Tvn) — 0.1945(69)(72) ps .

S. Meinel, Phys. Rev. Lett. 118 (2017) 082001



Vuw and Veb

FLAG2019 .
inclusive
= (B~ Ders
B = v B D
. 1t 47 . i
= s - =
= 3.5 = =
W
a
hSS W
3t //..a’t:
My
36 I8 401 42 14
Vin| % 10°

FAG2019 .
‘inﬂlusive
B = rv B+ D I:B—:'D':IBGL
- *‘J(ﬂy ll. .
W
e
t\.’h . b&w
Ah
36 38 40 42 44

Vio| % 10°

Using BGL rather than CNL for B—D* eliminates tension between inclusive and
exclusive determinations of Vcb.

Tension for B—11 remains!

Lambda decay not in fit to exclusive decays.

5. Gottheb, Lathce 2019, Wuhan, China
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Third row: B meson mixing

/ Vud Vus
T — L fq — (v
K — 7l
Vcd Vcs
D — (v D, — v
D —nlyv D — Klv
th Vts
[(BiBy — (B.B)]
\ B—nll B — K/

Vub
B — (v
B — wlv
Vcb
B — Dftv
B — D*lv

Vib

\
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B meson mixing

s

W f q INeN
)

—. il Dl
BP nrto) ‘ it 0,1 BL' B i W B,
\

* B meson mixing is a loop level process

* Experiments can measure mass difference, lifetime difference for the two
resulting eigenstates and also can measure a CP violating phase

* Short distance expansion of the loops results in effective weak Hamiltonian
involving 4-quark operators

* GIM and loop suppression, so good place to look for BSM



Neutral B-meson mixing

5
(BalHZf2BY)  HZwm= ) ) i
q=d,s i=1
(BY|Q}(w)|BY)

8
3 fpmg

Bag Parameter: B (1) =

=]

(47)?

G2m2.m P v 2 1
Amg = TER B |\, 250 () nap f3, Ba,

. . — 2
A B ( }? —7v0/(2p0) G(H) B31v0— B0~y
BB—(J:.*) L [1%.33“

] } Bg, (1)

TEYT
/\tq =V tql" th




MNi=2+1

My =2

Neutral B-meson mixing

- - > Bs /B
rc2010 T84 V Ba, fa, V Bs, rc2019 BB, Bs, FLAG2019 E — i
HH FLAG average for N;=2+1 M —— FLAG average for N;=2+1 i i FLAG average for Ny =2+1 |
— I FNAL/MILC 16 |
e ENAL/MILC 16 1 + ——B— FNALUMILC 16 —— '_T_
™ ™~ i RBC/UKQCD 14A -
-+ RBC/UKOCD 144 | i~y ll_ t H— I RBC/UKQCD 14A ———m— Il
z ’a H—0— FNAL/MILC 12 O
HPFQCD 09
H_1— FNAL/MILC 11 4 el H—— 0 H-H . RBC/UKQCD 10C
R HPQCD 09 i HPQCD0BA  ——T— o HPQCD 09 H——
HPQCD D64 HTL+
— FLAG average for Ny =2 . " FLAG average forNi=2 |l
L FLAG average N; =2 e e:|\|' cl\ll
_2. I ETM 13B — _2 - ETM 13B HH]
- ETM 138 - L H+  ETM 12A,12B 1 i+ ETM12A,12B HH
180 220 260 220 260 300 MeV 10 12 14 10 12 14 11 12 13 14 09 1.0 1.1 1.2
Bp, = 225(9) MeV \/Bp. = 274(8) MeV
fB4\/ B, (9) fB.\ Ba. (8) FNAL/MILC: Phys. Rev. D93 (2016) 113016,
Bp, = 1.30(10) Bp, = 1.35(6) RBC/UKQCD: Phys. Rev. D91 (2015) 114505,

on HPQCD: Phys.Rev. D80 (2009) 014503,
¢ =1.206(17)  Bp,/Bg, = 1.032(38)



Third row

Using experimental results on B,Bs mixings, MILC/FNAL reported :

v 1 x10° v, 1 x10° v, IV,
I I I ! I I I AM - I I I I
| T Phys. Rev. D93 (2016) no.11, 113016
o+ o this work o
o— | =6—| PDG &
' . T - _
gy | HEH BoKmww | a V.4 = 8.00(34)(8) x 1073 4.3%
V.| =39.0(1.2)(0.4) x 1073 > 3.2%
CKM unitarity: 1471 =0 2052(31)(10) 9 1.6%
HH 1 full - Ves|
] ] I-II-I i ] II-I-I ] tree ] ] ] ]
7 8 9 35 39 43 0.18 0.19 0.20 0.21 0.22 0.23

S.Gottlieb’Lat19
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CKM Summary

Quantity value percentage error Comment

Vud 0.9737(16) 0.16 FLAG (with unitarity)
Viud 0.9669(34) 0.35 FNAL/MILC (K & Ky )
Vs 0.2249(7) 0.31 FLAG (with unitarity)
Vs 0.22333(61) 0.27 FNAL/MILC (Kp & Ky3)
Ved 0.2219(43) 1.9 FLAG (2+1+1)

Ves 1.002(14) 1.4 FLAG (24+1+41)

Vip| x 10° 3.76(14) 3.7 FLAG (BGL, combined)
V| x 10° 41.47(70) 1.7 FLAG (BGL, combined)
Via| % 103 8.00(34) 4.3 FNAL/MILC

Vie| x 10° 39.0(1.3) 3.2 FNAL/MILC

S.Gottlieb’Lat19
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Belle Il prospects

Belle IT MC

i - —-—

CUTTEnE
status

—— tagged + current LOCI
—- untagged + current LOCD
—— tagged + LOCTY in & yms
—8- untagged + LOCDin & yrs
—8— tagged + LOCTY in 10 yrs
—&- untagged + LOCD in 10 yrs

Belle IT MC

CrTent
statns

—&— tagged + carront LOCD
—l- untngged + current LOCT)
—— tagged + LOCD in & yrs
—8- untagged + LOCT) in & yrs
—8— tagged + LOCD i 10 yrs
—- untagged + LOCIY in 10 yr=

Fig. 87: Projections of the |V,;| uncertainty for various luminosity values and lattice-QCD
error forecasts for B — mfv tagged and untagged modes. The figure on the left is obtained by
using lattice forecasts with EM corrections and the figure on the right by forecasts without

these corrections.
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Conclusions

" |attice QCD is playing a crucial role in determining decay constants and
form factors of various hadrons and in turn helping in precise determination

of the CKM matrix elements

» A number of quantities are available to sub-percent accuracy.
» Getting to the point where electromagnetic corrections important to lattice calculations
» Expect to increase LQCD precision by factor of 3-5 over the next 5-10 years

= Heavy flavour physics is a precision tool to discover new physics.
Lattice QCD calculations are absolutely necessary for this.

" Interplay between theory and experiments will provide more and more stringent
test of the standard model of particle physics.

" BESIII, Belle I, and LHCDb have a large role to play in the future of flavour physics



