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B anomalies

tantalizing 2-4 o tensions b/w the SM and experiments
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lepton flavor universality violation (LFUV)  flavor changing neutral current (FCNC), e.g. b—stt

R(D(*)) — F(B%D(*)TV) B%K(*)ff, B, — upu,
I'(B— D™{e,u}v)

would be evidence of new physics, but we need much more to clarify it



in (tight) collaboration w/ experiments

Wk . B N : . ,
SuperKEKB / Belle Il @ KEK LHCb @ CERN
—e'e-— BB pairs -pp— B, B, B, 4,, ..
—good at processes w/ v —good at rare decays of various b hadrons
—Belle x 50 data by 2031 —Run 3, HL-LHC
— start to produce results competitive —Run 3 started!

to Belle (Moriond'22, ICHEP'22,..)

complementary, healthy competition to hunt new physics



in (tight) collaboration w/ experients

Belle, BaBar, ATLAS, CMS, ILC, ... are also important

_Belle x 50 data by 2031 _Run 3, HL-LHC
— start to produce results competitive —Run 3 started!
to Belle (Moriond'22, ICHEP'22,..)

complementary, healthy competition to hunt new physics
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long standing problem in CKM MEs...

exclusive vs inclusive
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— exclusive : e.g. B— DCv, B— Dlv, ...
— inclusive: e.g. B— Dév+ D*¢v + D™ Cv +...
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persist for 10 years ... due to new physics?



new physics ?

e.g. Crivellin-Pokorski '18
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dim=7, tensor can explain ... new tenstion w/ B—tv / too large I'(Z—bb)

th. and/or exp't uncertainties have not been fully understood — need deeper understanding



this talk

recent progress on heavy flavours from lattice QCD

focusing on determination of CKM & search for new physics

comprehensive review & world average = FLAG review 2111.09849 to be published in EPJC

e exclusive semileptonic decays except B—DM¢v — plenary by Vaquero
e inclusive semileptonic decays

e |eptonic decays

e FCNC processes

e D meson semileptonic decays



exclusive semileptonic decays



B—nlv

— conventional determination of [V,
& 2.20 (12%) tension w/ inclusive 14

(m(p") VB (p))



B—nlv

- conventional determination of |V ,| Belle Il Theory Interface Platform (B2TIP) ‘19
& 2.20 (12%) tension w/ inclusive |V.,| expected accuracy (tagged)
T
- to be improved by Belle Il A T _— .

+ CKM suppressed: B ~ 1.5x104 % < 2-5% D¢y
+ non-small statistical error reduced by x50 data

4% accu racy for future lattice

N B—>7Z'{€,,M}VZ <2 9% accuracy @ 10 ab-1 (NZOZS?) %:1 ............................. ............................. ............................ .....

- By new physics in LEUV? T b e

& 3.4 tension in R(DM) g @ @ *

e B < 25 x 0% T —

+ 14% LFUV ratio by Belle I 05 0 2 30 0 56
Llab"]

R(m)~I'(B— nrv)/T'(B— m{e, u}v)

a target : 1-2 % theory accuracy in 3-5 years



B—nlv
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ey L7 IH]::QC]E) 06 L L Lytle, Wed, 16:30- [Fermilab/MILC]
o— RBC/UKQCD ’15 _
—0oH Fermilab/MILC "15 - HISQb, at < 4.7(6.67), < My physt = M phys
W HFLAYV average
HH FLAG average on-going updates also by
.- JLeept22 | RBC/UKQCD @ Lat'21, Quirks ‘22 : M, 2267MeV
C e v w w | I. GI i IHFILAT “‘f:l“f‘“’el e JLQCD : M, >230MeV, ground state saturation
3 4 5 6 | e
JLQCD 2203.04938 ub GV (ADIB) (BIV. (AD)| .
_ o
~ M&bius DWF b, a! < 4.5 GeV, M. > 230 MeV o (BIVa(ADIB) (rlVa(At)|m)
_ statistics (7%) + chiral extrap (5%) ook 54 f’rgﬁféqaeq—q}tqii‘t e ]
Fermilab/MILC "15 dominates WA s FERFE Y it A% T
- Fermilab, a! < 4.4 GeV, M, > 165 MeV N ER S eaiasd !

10 20

— statistics + a#0 + chiral extrap e At



B*n contamination

review by Hashimoto @ Lattice ‘18 possibly large eftects in f, (!)

— Hr state contamination towards M, ;. 0
0.0

-0.2

Bar, Mon, 15:00-, Broll, Mon, 15:20-
B state contamination within HMChPT
~ LEC

+ LO: f=f. gpge= 0.5
+ NLO: B, B’ : unknown o}

-A = 6,8 = AL
~ source-sink separation t = 1.3 fm - depending on NLO LECs
— smearing may help ?
= how to calculate NLO LECs from 3pt func

0.4

-0.6

Af.!_ (t,t,,Q)

= B’m contamination to My .« f5 B—n FFs, ...



more on |V, |

Vittorio, Tue, poster

"dispersive matrix method”

~ existing lattice data = bound on FF at any ¢?

+ positivity of <0}/ ,%J ,|0> — bound on FF
Bourrely+ '81, Lellouch '96

+ VPF on the lattice: Martinelli+ 21
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V,,| = 3.62(0.47)x103 [V ,| = 41.3(1.7)x103

Leskovec, Mon, 14:40-
B—(p—)nrtvy

— FV formalism for coupled channel analysis
Briceno+'21

~ clover ud + RHQ b, M_ =320 MeV, Myz=5.3GeV

FF Vin (¢2,\s)

)

~ can be extended to B—»K*tv? = R(K"), P{’



alternatives : B.—D fv, B.—J/ytv

B—D®M¢v w/ s or ¢ spectator = [V, HPQCD 19, '20: |V, | and R(J/y)
~ better control of chiral extrap. & M

7.phys - w/HISQb, ¢c W/ my<4m,, a'<4.5GeV
— less statistical error: Parisi ‘83, Lepage ‘89 o m IB|—>lel (13) IHFLAV ol
ACH () ~exp[(2My — Moo — M, )t /2] | S poph WAV
LE — —r— H—+—+H B — D *Iv, HPQCD+LHCb
5 1 2My — Moo — M, el B,— DIV, HPQCD + B, — D lv LHCb
| K 0.16 T R |Vb|><10360 70
| D, 0.60(0.24)
. B, 1.02(0.64) - R(J/W)~I'(B— J/¥rv)/T'(B— J/¥{e,u}v)
T T HPQCD 0.258(4) < 0.71(25) LHCb "18
{
~ e.g. "stable” D, J/y w/ tiny width largest errors: stat, amy—0, (short) o=y

Blossier+ 21, N=2; Lytle [Fermilab/MILC], Wed; Wingate [HPQCD], Poster; RBC/UKQCD@Quirks'22
expecting th & exp improvement : realistic lattice & LHCb
e.g. LHCb 1808.08865 AR(J/y) = 0.07 (Run-3, -2025), 0.02 (Upgrade Il) ~ current AR(D™)



B—ntv w/ s spectator = |V |

FFs: HPQCD"14(NRQCD), RBC/UKQCD 15 (RHQ),
Fermilab/MILC 19 (Fermilab), ALPHA 19 (HQET)

CKM suppressed : 15t observation by LHCb ‘20
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Bs %Ds/'”/ |Vcb|

g > 7GeV?

w/ lattice FFs
(Fermilab/MILC"19)I

g% < 7GeV?

w/ LCSR FFs
(Khodjamirian+"17)

Fermilab/MILC 18

RBC/UKQCD 16
——@—— | HPQCD 14
4 Khodjamirian 17 (LCSR)
Y Faustov 13 (RQM)
—A— Wang 12 (pQCD)

—K— Duplancic 08 (LCSR)




B —K{lv

Lytle, Wed, 16:30- [Fermilab/MILC]

- HISQ b, a' <47 (and 6.6(1)) GeV, m, <
— blinded - tension persists ?

B—ntv w/ s spectator = |V |

— FFs: HPQCD"14(NRQCD), RBC/UKQCD 15 (RHQ),
Fermilab/MILC 19 (Fermilab), ALPHA 19 (HQET)

mb,phys

— CKM suppressed : 15t observation by LHCb ‘20 b
A 2 o ren 1.0
o - 2 2 . e
= °F E E LHCb i Preliminary, blinded
=t 5 E ] 2 = Y
=z s 8 B _« g> > 7GeV? | ~E(9- S Fgis
B = = | 20 A 3 . —= kT
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C (1.8 4 =¥- a=0.088 fm, ml=phys ""'i'.::_-ﬁ 7
2 2 —B- a=0.057 fin, ml=0.2ms
q < 7Gev -(ﬁ- a=.057T fm, ml=.lms ju: s
2: 5 ) W/ LCSR FFs <H- a=0.042 fm, ml=02ms
- . - / 0.7 . ' - . T T T
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V1 107]

tension persists? / differential measurement by LHCb may help (Klaver@Moriond)




inclusive semileptonic decays



inclusive decays

v |2
= "summed over final state hadrons” ¢
eg B—>Xtv = Dbv+ D*v+ Drtv+ Drrlv + ... Z e
exp : NOT observe final state hadron(s) e
th. - optical theorem + OPE # simple sum of exclusive decays

ir G2

dqquodEe 873 |Vcb|2LWWuv

optical theorem OPE
hadronic tensor W, ~ > {(B|J}|X.) (X.|J,|B) =im{(B|J;®J,|B) =) {(B|O,|B)
X,

k
— double expansions in a, 1/m,: convergence ?

— non-perturbative input : e.g. <B‘5(z’D)Qb‘B>, <B‘Z(90"LWF/“/)6‘B>,

HQET parameters: e.g. JLQCD '02, ETM 19, ...

V.l [V, tension & inclusive rate from lattice / vs exclusive on the same lattice



on the lattice

NOT straightforward : finite V MEs to multi-hadron final states + possibly many for “B” decays

Hansen-Meyer-Robaina ‘17, Gambino-Hashimoto 20

‘spectral representation” C.(t,q)= / dwW,, (w,q)e "

lattice 4-pt function C.(t,q)=<(B|J(-q)e ™J,(q)|B)
‘spectral function’ W, (w,@) = (BIJ} (- )8 (H —w)J, (@)| B)
determine W, from C,, ? - ill-posed inverse problem !!

— finite V spectral function ~ sum of ¢ function peaks

— finite / discrete data set w/ statistical uncertainty

see also RBC/UKQCD 18 (t), Hashimoto "17 (B) : correlator @ unphysical pt. < dispersive integral
Liu-Dong ‘94 (DIS), Aglietti et al. ‘98 (B), DeGrand 22 (R) and plenary by Bulava



smeared / integrated spectral function

Hansen-Meyer-Robaina ‘17, Hansen-Lupo-Tantalo '19
W0 (Ws) = / dw A, (W, W)W, (w) A, (w,.,w) : smooth approx. Dirac 6 w/ width ¢
0

W (w)=lim lim W, , ; (w) inverse problem for smooth function W, : well-posed

w, Lo
c—0L— o0

Gambino-Hashimoto ‘20

o integral kernel for differential rate as smearing function o< 0 (w,.. — w)

Qo Winax
FN/ dq2/ dwKW(w,qQ)WW,L(w,QZ)
0 Winin

smooth approximation of K, and take the double limit

v,Lo!

so, when CW(t,q):/ dwW ,, (w,q)e " evaluate IL,UZ/ dw fr o (W)W, (w,q?)
0 0



implementations

Hansen-Lupo-Tantalo ‘19 Gambino-Hashimoto ‘20
by modified Backus-Gilbert method by Chebyshev approximation
e " Ko
r - —wt 7 _ C_O 3 % - aw
f(w)_;gte f(uJ)— 9 ‘|‘;Cka (e ™)
2 7T
— approximate “basis” functions cr = ;/ df f(0")cos kO]
. . o . O
— g, by minimizing _ — minmax approximation

+ approx. error of f: /O
+ stat. errorof 7:  g¢ Cov[Cl.]g,

— possibly huge cancellation @ large &

s + ch Bl a)Tri(e )], (q)|B)
Ip,= ;gtcw,]; (t,q) Crovs (t,0) = (BIJ1 (- q) (e *) 1, (- )| BY

accuracy of C,,;, & approximation & take the double limit (L—c0, 0—0)
o . smearing width of ¢ singularity / 8 discontinuity



vs exclusive

Smecca, Fri, 15:10- [Gambino+, JHEP(Q7(2022)] B, —X_{v

3 — JLQCD ensemble + Chebyshev
$\ symbols = inclusive . Xvv| ,
™\ bands = leading exclusive . Xy, - 48°x 96, a = 0.11fm
AN — Mobius DWF b w/ m, = 2.44 m,
N ¢ Xaal
— 2 * b Xaa T ,
3 — s Vl® [ da* Ve X @)
9, D S
> O L
1 ::1”" & X<q2) / dwKw/,a(wan)W,uy,L (wan)
/l/' \*\ Xy, Bs =D Xyy 1, Xaayy Xaa,1 : By = Dy
et SRR BN W significant B,—D**¢vin C,,, JLQCD @ Lat'19
00 02 04 06 08 10 12 14 J s vz OLQED @ LatD)
q° [GeV?] & rate nearly saturated by B, — D¢y

good consistency w/ exclusive < [V ,| tension / larger B—D™¢v(+) towards m;, . ()



vs OPE

Smecca, Fri, 15:10- [Gambino+, JHEP07(2022)]

_30¢ ]
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B 25
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B, —X v

ETM ensemble + Backus-Gilbert
— Nf=2+1+1, 323 x 64, a=0.08fm, M_=375MeV
— twisted mass b w/ m, = 2 m,

OPE

— O(1/m,*) correction, NP MEs from fit to exp
— O(a,) radiative correction

Gambino-Hashimoto 20 (JLQCD + Chebyshev)
better consistency w/ higher order corrections

reasonable consistency in total contribution b/w lattice and OPE

contributions (X, ...) show poorer consistency < quark-hadron duality violation ?



Backus-Gilbert vs Chebyshev

Barone, Fri, 14:50-
B, —X v

Va X, q,_,=5.782 GeV?
o) : > RBC/UKQCD ensemble

— 243 x 64, a = 0.11fm, physical m,,,
— RHQ w/ physics m,,

n; 25 o)
> _
o X(q°)= AWK, (w,q* )W, (w,q%)
1< 0— wy
& 15
2\ 2
10 - L CHEBN=6 wo=0 K/ﬂ/,a (wa q ) — k,uu (q )‘90 (wmax o LU)
4  CHEB N=6 wg =0.9wWmin
5. s smooth approx. by BG or Chebyshev
0- + BG N=10 &J[}=0.3&Jmm
2 2
5 i : 3 A ; : 0= wo< Wamn=VMp+gq

q’ (GeVv?)

consistency b/w Backus-Gilbert and Chebyshev = ready for B, decays @ physical m,



X [GeV?]

Kellermann, Fri, 14:30-

¢—0 extrapolation

0.4
A Xl wo=09wmnin -1 -1 -1
X, GSC, wo = 0.9Wmin
0.3 -
inclusive
0.2 -
01 = A
A
e
0.0 f==f e —————
Il — ( )
XAA“’Ds%qbﬁV—"_ s q— 17171
_0.1 1 I 1 I 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12

JLQCD ensemble + Chebyshev approx.

D, —X Ly
— good control of continuum+chiral extrap.
— careful study of non-trivial —0 extrap.

Ko (w,q?)=Fk.(q?)0, (W — w)

— large ¢ = too large E, = E,

= X(q) vanishes after c—0 extrapolation



¢—0 extrapolation

Kellermann, Fri, 14:30- JLQCD ensemble + Chebyshev approx.
1.0
| Wo = V.2 Wmin
Expected ground state contribution 4 XT/' 09 DS _))(szv
-------------------------- Xy, GSC; wo= 0.9Wmin = _ _
0.8 - — good control of continuum+chiral extrap.
— careful study of non-trivial —0 extrap.
0.6 -
— 2) — 2 _
% %++ ) S Ainclusive K,w/,a(w7q )_k,uu (q )00 (wmax LU)
.i% 0.4 4
— large ¢ = too large E, = E,
°27 = X(gq) vanishes after c—0 extrapolation
X// ~D8%nss€V7 q_(]-)la]-)
R — a conservative error estimate
0.00 O.E)Z 0.2)4 O.|06 0.68 O.I].O 0.12 2 : :
: using maximum value of |T%,|=1
o= 1/N g | k|

ready for realistic study of D —X_£v, comparison w/ exp't (CLEO 10, BESIII 22, ...)
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OPE analysis of inclusive rate

1/m,"” expansion
b

~  w/ non-perturbative inputs

u?=(B

ué=(B

b(iD)*b| B) /2M

b(g0,, F")b|B)/2M

- AB =0 four-quark operator @ 1/m,’

(Farl):(vuPLafyuPL)a (PL7PR)7

lifetime

2

o
2m

(TG’VMPL7TG7MPL)7 (TGPLaTaPR)

2
b

phase-space factor enhancement by 16z

2

Ha

Ce <B‘ (Eq) r @b) F" B>\

2my

my

Lin, Fri, 15:30-
~ lattice calculation of AB=0 op.s for B and A,
-~ RBC/UKQCD ensembles, DWF ud, static b

5.0
15
40
Eas
S
=
3.0

2.5

2.05

M

O, = (by" Prq) (g, Prb)

x10~*

15

O, = (bPLq)(GPrb)

- A x107?

4511

f
FESERRE

2.0

10

Tsnk

— renormalization is in progress

15



leptonic decays



decay constants
FLAG ‘21 £ [MeV] Black, Fri, 14:10- [RBC/UKQCD]

i our average for N,.=2+1+1 - DWF ud, S, C, RHQ b
H s |~ €Y @NAYSIS O fuy
Hi——— ETM1E . . . .
iy HPQCD 13 & tension in fy o/ f) b/w HPQCD vs Becirevic+
I our average for N,=2+1
H—t— RBC/UKQCD 14 1
; . ReCukaCpla2 HPQCD 15 Black [RBC/UKQCD]
(ﬁ, :gq_' ﬁgg/ég((l)gD 13A (stat. err. only) HPQCb NRQCD ‘ - i
z HlH HPQCD 12/ 11A e B*/B ¢B/Mg’/2 vS M ] LS
FNAL/MILC 11 ¢ c e i
I—l—w HPQCD 09 A B{/Bs T EI
T our average for Nf=2 4, d,s; ¢ sea ] i
} » i ALPHA 14 Becirevic+ twisted mass 8 I !
U —{— ALPHA13 . :
z | I s . . ._ w, d sea | (] i
160 175 190 205 220 235 250 k) |
i ¥ = 0.005
HQET, static _— g
. Res
~ independent studies w/ different formulations s rules | sreliminary Lo oo
0.8 0.9 1 1.1 1 2.0 2.2 24 2.6 2.8 3.0 3.2 3.4

A(st/fB)~O°4%7 AfB(S)S 07% fo:/ o, my, [GeV]

— isospin correction? & EM correction of I'(K(x)—¢v). Rome-Southampton 17, 19



decay constants

charged B decay

— determination of [V,

b [

U \ %

— tree-level, but helicity suppression !

FLAG, N=4: |V,,] = 4.05(3),5,(64) 0y x 107

exp

— Belle Il @ 50 ab™" (B2TIP "19)
AV plexp ~ 3% ~ competitive to B—xlv, X, {v
= |V,,| tension

- complementary probe of new physics (!)

neutral B, decay
— FCNC process suppressed in the SM

H

W u
Kovalskyi (CMS) @ ICHEP '22 for B,—uu
gpl\l-lll-g-ooe ——a— 3.83 %‘:‘: FC?:'VEIS@,ZZ
IP_FII-II_?ZE (2022) 041801 ' - ! 3.09 %:i
AasroNSHHeY o 2693
.ﬁIIXIPSM (2020) 188 ' - 2.94 _(()).225
ATLAS , - . 2_8+(()).§I
JHEP 04 (201.9) 0.98 0. theory (fBS)
EM fr?clhﬁllsg?o 2019) 232 3.66 + 0.14 11
enekeetal P09z T So0=RI0 Gl gy fficiently
1 2 3 4 > accurate

B(B? — ww) [1077]
HL-LHC = 4% (LHCb), 7% (CMS), 13% (ATLAS)



radiative leptonic decay B—{vy

T, = —i/d4x e O[T (JM (2) I (0) | B(D)) = €uno PYVEEY +i(= g0 Py V5 + V5,0 Ds0) Fa -

— lift helicity suppression B < 3x10°° & £y < 10
_[v,,[? & Bellell (B2TIP 19) (AB).... ~ 4% ()
— hard y = B meson structure (LCDA, ..)

— only model-dep. prediction (factorization) for B

— Desiderio+ ‘20

Tt lattice study of z, K, D, w/ limited E, range

Giusti, Mon, 17:30-

- K, D, decays w/ full £, range targeting B
- DWF ud, s, ¢, a'=18GeV, M_~ 340 MeV
— various improvements over Lattice 19, ‘21

smearing, noise method, how to do
sequential source, mNPR, ...

[ [ | |
0.06 |- D, = vy 241 —— |
m, = 340 (1) MeV
0.04 |- v
a™!=1.785(5) GeV
0.02 |- i
o)
2 0
<
m
-0.02 i
I
0.04 [ ;o F :
p i
-0.06 - }} .
| | | | | | |
0 0.2 0.4 0.6 0.8 1 1.2
X _ 2p7pB
Y Ty — M%s
~ t0 a=0, M, ;= vs BESIII 19 2 <1.3x10°3

- to Bw/ much larger E

y,max



FCNC processes



b—s, d transitions

- By—tl

FCNC processes

e.g. B>K*{(l

{ // / N / }dgb U / }dCOSHK dqzdfosei)d¢

* * 1

- B—KOU, KOvy : LHCb 16 o, . o016 B
B g) 1 j | SM from DHMV ]
l,v \ - ]
- TF -
N 7 .
B H —0.5 —— ) % ]
R —— = S ——
/ = / : S TR
u, d 1=, e -

0 5 10 15

— occur only beyond tree-level of SM ¢ [GeV/ ¢4

— GIM suppression

— B anomalies

30 tension
persists from

2013 !

W
>

— unstable K* & B—artv Leskovec, Mon, %% Q%
distance 2 = o QoL AY

- long-distance ¢cc = e.g. JLQCD @ Lat"19
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— B Belle 19
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dark sector search

B—Kvv

~ share missing energy signature w/ B—KXj,
= light dark scalar’s mass, ... Filimonova+ 20

Belle Il 50ab™ = AB ~10% = my,, < 5GeV

d_F _ (GF nEWaEWX t) ’
dq?| s 327 °sin* 6y,

B(B*—Kv) x10°

— Belle Il '21: 1.9(+1.6/-1.5)

— Fermilab/MILC "15: 0.43(5)

— Parrot [HPQCD], Mon, 14:40: 0.57(4)
~ Belle Il target accuracy (!)

|thvt§|2|pK| 3]0—% (q2)

Filimonova et al. ‘20
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D meson semileptonic decays



I Vcdl

Marshall, Mon, 16:30- Frison, Wed, 15:00- Jay, Wed, 16:50-
[RBC/UKQCD] [ALPHA / CLS] [Fermilab/MILC]

- DWF — Wilson, twisted mass ~- HISQ
- D—K¢tv, D—ntv, D —K{v — D—mtv - D—-Ktv, D—ntv, D—K{v
s s
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1.1 - ] HlH BABAR, m™

| f_|_ VS ¢ %} | omp - 0] i CLEO n-

i ' H4  CLEO, n°

o } }ﬁ 3 - B BESIII, -

08 -3 é %3 ok ’ 0.6 = BESII, n°

07 | ; '-,_ . 1 BELLE, n~

o é . o W ~ j\'\ —— improved Wilson ‘:‘9: 054 — |Vcd|binnedf2_’"(q2)LQCD ®
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and Conigli, Wed, 15:40- for leptonic decays

blinded and/or preliminary..., but expect improvement in |V_| and crosscheck of D—K¢v



summary

recent progress on heavy flavour physics from lattice QCD

"gold-plated”
— good accuracy = Belle I, LHCb accuracy
— tensions to be understood: fpfzey SP(oW ¢2), £ 77M(q% e B

— B semileptonic @ full ¢?, EM correction to semileptonig, ...

new applications involving unstable / multi-particle states
— B—tvy, B—p(—rrm)ly, life time, ...

— inclusive decays: study of systematics (approx., 6—0, L—»?) = realistic studies
wide applications: e.g. €N scattering — Yoo @Lat'21; r decays - Evangelista, Tue, poster, ...

— long distance contributions to B—K*¢¢, D mixing; QCD factorization [B—DH], ...
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