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Outline of the Talk

| will mostly focus on b decays:

. Lattice methods for simulating b quarks
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«  bosttt:B-o>K® R(KW),PL, By > ¢4
. b—->u/d:B—>m, B, > K



Outline of the Talk
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Relativistic b decays on the lattice

Several recent and currently ongoing lattice calculations of hadronic matrix elements using relativistic b quarks, e.g.

B.-meson decays [2003.00914, 2007.06957, 2108.11242], Bs-meson decays [1906.00701, 2105.11433], B-meson
decays [2203.04938, 2207.12468, 2301.09229, 2304.03137]

Common approach:
* Perform lattice calculation at multiple b quark masses at and below my, using the same action for all quarks

e fit results using HQET-like form to disentangle physical mass dependence and control discretisation effects

1.0
O Set 1m0 20
0.0 % S 1m0 ) (I) mg = m.
104 » ;‘“' filEr) + fZ(Eﬁ) il mg = 1.25°m,
? ::? 1.5 ‘*‘\ O mg=1.25"m,
0 ] B o R
B o 1.01
0.7 Q/' .
fo(Ex)
0.5
0.6 0.44 0.4
[ 3 = 4.35, M, = 500 MeV
05 T 03 01 00 01 0.0 0.2 0.4 0.6 0.8 L0
o, e B — K [2207.12468] (5541
B, — D} [2105.11433] B — m [2203.04938]
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Relativistic b decays on the lattice

Advantages:
e Allowsfor nonperturbative renormalisation of currents using, e.g. RI-SMOM, partially conserved current relations.
* Connects b- and c-decays and gives heavy-mass dependence - test of HQET.

e Statistics limited

Challenges:
* Must compute and analyse many more correlation functions
* Fitting correlation functions simultaneouslyis difficult

* Some subtlety in choice of fit function, e.g. which basis to use for form factors



b - cfv

* In Standard Model (SM) mediated at tree level by the weak interaction

'4
W~ _
vV 4 _
b — Hoep = — GgV,.,Ci v, by €7y
eff NG FVebCLY ubL tLY Vi
C

* New Physics could modify this coupling, e.g. leptoquarks (LQ)

?
b / v Nnp _ 4 - 7 ol = 7 vl
— 0Hggr = EGFVcb[ Cy, CLyubr €ry™vy + Cy, CrYubr €1y vy

+CSLC_RbL ‘?RKL‘l‘CSR ELbR '?RVL
+CTERO-ﬂva ‘ERO'MVVL + h. C.]
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Exclusive b — cfv Decays

In nature, b and ¢ quarks appear confined B D(*)
within hadrons q cTh q
* Theory predictionsrequire b PA (%)
nonperturbative matrix elements of ” - — (Dq |EFb|Bq)
operatorsin Hq¢ between QCD bound q
states
These are typically parameterised in terms of according to the Lorentz and helicity structure of
the decay
* 3independentFFsforPtoP, 7for PtoV e s .
<Dq cy b|Bq> = — |Mp Mp, (e*v),
<Dq|c_b|Bq > = [Mg,Mp,(w+1) ’ <D;|cy“b|Bq> =i [Mp Mp, emviBesvivp,
<Dq|5y“b|Bq> = Mz, M, (w+v)#+ (v—v"4], <D;; c‘y“ysbqu> = M Mp, [ W+ e —
<Dq|EG“Vb|Bq > = MBqMDq[ W'Y — vV pH)]. (e*ﬂ. v)vH — (e*ﬂ. V)V'H],
<D;|c_a‘“’b|Bq> = — /MBqMqu“V“ﬁ[ ex(v+v)p+

— ’ — —
v = qu/MBq, v = ng*)/MDé*), wW=v-v

ea(v—v)p+ (€™ v)v V).



Exclusive b — cfv Decays

Lattice calculationsof the FFs are progressing rapidly, with many new results in the last few years:

Fermilab-MILC: 2+1 asqtad, Wilson-clover b and ¢ quarks

HPQCD: 2+1+1 HISQ, heavy-HISQ b

JLQCD: 2+1 Mobius domain-wall, Mobiusdomain-wall b

hi (w)

hr(w)

Py o7 (W)

hr, 5 (W)

B—->D® v’ [1503.07237]

(v)

v" [1505.03925%]

v'[2105.14019]
(v') [2304.03137]
(v) [2306.05657]

(v') [2304.03137]

B, - DS(*) v’ [1906.00701]

v’ [2105.11433]
(-[2304.03137))

(v') [2304.03137]

B: = J/¥(nc)

*2+1 asqtad, NRQCD b quarks, HISQc quarks
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B —» Dfv

Good agreement between lattice calculationsfor SM FFs and also with experiment!

z(w)

! Fermilab-MILC
R HPQCD

i Belle

I (exp. Normalised
3 { to fitted V)
[Bigi et al. PHYSICAL REVIEW D 94, 094008 (2016)]
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dr
- = Vey 2G(w)? R(w),

where for £ = u or e

Gaw) = MEMD e .

This gives the most recent averages
VETAY = 39.14 + 0.924y, £ 036y, x 1073

I'(B —» Dtv,)

RHEFLAV(pyy
(D)= F(B—) v, )

= 0.298 £ 0.004

Rexp™V (D) = 0.339 £ 0.030



B — D{v Bellell1[2210.13143]

Belle Il Belle Il
New results from '8 Preliminary . Preliminary
: -1 ' f+(w), BGLN=3 ' B*-D%u*v, f.(w), BGLN=3
!3e||e Il using 1%_39fb- s i S L 20 BoLN=s |
integrated luminosity 0 FNALMILC | FNAL/MILC
] - HPQCD 11 HPQCD i
also agree well with o ]
theory N | T ]
+ Note the limited w ~ o8 1"
range of old lattice 07 ] fli ]
calculations 6. ] 07 ]
* Calculations underway %39 15 16 17 °%s 10 11 15 16 17
at Fermilab-MILC
: Belle 1l Belle 1l
collaboratlon to 13 Preliminary 7.5 Preliminary
update with all-HISQ - f.(w), BGLN =3 | BOsDuty, f+(w), BGLN =3
calculation 1.2 fow), BGLN =3 ] 12 fo(w), BGLN =3 |
i FNAL/MILC FNAL/MILC
1.1, HPQCD . 1.1 HPQCD ]
e o | 1 310 | 1
< <
ot 09f 1 o009 |
0.8 1 0.8 H .
Clockwise from top left:
07 ] 07 ] x?> 182 123 11.0 15.1
e T Y e, dof 14’ 14’ 14’ 14
0609 1.0 11 1.2 1.3 1.4 1.5 1.6 1.7 0609 1.0 1.1 3.2 13 1.4 15 1.6 1.7
w w
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* —
B - D" v
e Lattice calculation harderthan for B — D due to noisier vector gA

and larger number of FFs.

* Rich angularstructure due to vector D* final state

e Angularasymmetry observables, e.g.

p 1 1 0 dr deos(o
FB_FUO _j—1 ]dcos(HW) cos(fw)

FA€=_% _ 1—1).{=+%
AA{) = F
3 LQCD results for 4 SM FFs away from zero recoil
/1 *=0
F, = [ Published:
r Fermilab-MILC: 2+1 asqtad, Wilson-clover b and ¢ quarks
arxiv:

HPQCD: 2+1+1 HISQ, heavy-HISQ b (+ Tensor FFs)
JLQCD: 2+1 Mobius domain-wall
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B - D*fv

Good agreement between lattice calculationsof the SM FFs h, and hy,

1.1 1.6
B HPQCD B HPQCD
Lol HQET+LCSR+LQCD 1912.09335 HQET+LCSR+LQCD 1912.09335
’ ¢ Fermilab-MILC 1.44 ¢ Fermilab-MILC
¥ JLQCD + JLQCD
0.91
0.81
<
<
0.71
0.6
0.51
0470 1.1

[2105.14019, 2304.03137,2306.05657]
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B - D*fv

agreement between lattice calculationsof SM FFs h,, and hy, less good

N HPQCD
HQET+LCSR4LQCD 1912.09335
¢ Fermilab-MILC
¥ JLQCD

0.6 9.00
mmm HPQCD
" HQET+LCSR+LQCD 1912.09335 .
¢ Fermilab-MILC .
JLOCD
0.2 1 uq L50]
0.01 1.251
<021 <1001
—0.41 0.751
—0.61 0.501
—0.81 0.251
0.001— ‘
L0 11 12 13 15 1.0 11

[2105.14019, 2304.03137,2306.05657]
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B - D*fv

Some tension with experimental shape

~ 20.

Exclusive, model-independentV,_;, using

full range of Exp. dataand lattice FFs

|[VENAL = 3840 + 0.78 x 1073
VPP = 3931 £ 0.74 x 1073

Both in good agreement with 2021
HFLAV exclusive average,using B —

D®¢7 and B; » DV ¢v:
|VrAY| = 38.90 + 0.53 x 1073
Compare the inclusive result:
|VEFEAY| = 42,19 +0.78 x 1073

In tension at the level of = 3.50

JLQCD _ -3
VILRED =39 19(90) x 10

2.5 e O J
/{, e —= _'T*"TS\\:l -
2.0 & ‘||
~ J, NG
Lo| F= ~N
0.5
|
L0 I 1.2 L3 ! L5
w
0.7 ;j:: ==
r S_)Q/O 6 ™ \\\\\ | /://
| 5 R —/'k@"
h § \k\ A /,//
0.5 N :
=, —_— ,/{
— |[_T “‘\ ;"'"-—r.,,_ B "j:
0.4 T
—1.0 —05 0.0 05 L0
cos(6p+)
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B — D"fv Belle[2301. 07529]

New results from Belle for B® and B~ mode shapes (Green
BGL332 band is Fermilab-MILC2105.14019) using full
711fb~ 1. Using zero recoil lattice results together with
HFLAV branching fractions they find:

|V.plgeL = 40.6 + 0.9 x 1073,

Also find angularasymmetry variablesfor light modes
consistent with lattice-only SM results

Belle HPQCD
2301.07529 2304.03137

At 0.230 +0.019 0.274 4 0.023
AlzH 0.252 4 0.020 0.270 + 0.024
AH _ ptze 0022 £0.027  —0.0035 + 0.0009
Ff=e + FLf’—u 0.501 + 0.012 0.430 + 0.036
2

2.00

1.75 A

(M) 1/Fdl/dx

0.25 -

0.00

cos 6,

cos By

X

BGLs3; (LQCD)
CLN
BGL121

® B-D'Ip

"~

BGLis; Fit
X%/ ndf = 45.3/33
p =0.07

CLN Fit
x?/ndf = 46.8/33

p=0.06 .JI
/

i

NOA
A

BGL33; LQCD
X2/ ndf = 46.5/ 36
p=0.11

OCFr A AN ANMMTET TN DT NONTOBODVDOITNONTOD®OSOONRIANT O ON

-—1-—1-—1-—1-—1-|-|-|-|ﬁédéédOOOOHdeCjC}dO‘O‘dd-—id-—i-—iN'rfirfi'

SN SN S\ S NS W
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RILQCD(p* ) = 0.252(22) }
—~ 04

R(D")

-':;:_"‘ -I | L] I LI L I L L L L] I L L L L I | L LI I L L L L] I L L L I L L L L I LI
With lattice FFs across the full kinematicrange, can 2 -m Ay* = 1.0 contours
determine a theory-only R(D™) withoutincluding = Ereiim, 2023
experimental information on FFs. Find: 0.35 BaBarl2

0.3

Using lattice results only, —_—
/ 0.25
RFNAL(D*) = 0.265 +0.013,

IIIIIIII
¥
Q

$ LHCb22
i

RHPQED(D*) = 0.279 + 0.013. Hellel? World Average

o ' _ _ 0.2 $HFLAV SM Prediction ~ JHEP. R(D) =0.356 £ 0.029,,
However, fitting FFs to lattice+experiment gives R(D)=0298£0004 ooy DR
R(D*)=0254£0.005  ppc g Ip}(;.ﬁ)oi ) o

FNAL k J— 1 '] 1 I 1 '] 1 '] I '] [ ] [ ] [ ] I PI?‘__)I-:::I: I”EI_ISSI-:‘ [ 1 | 1 I | 1 1 | 1 1 I‘.I :_l-. .’ID | 1 I | 1 [ 1 | 1 [ 1 I [ 1 | 1
Riatttexp(D7) = 0.2484 £0.0013, 02 025 03 035 04 045 05 055

HPQCD /sy _ R(D)
RITAD (D) = 0.2471 + 0.0019.

Most recent measurements (includingnew 2023 LHCb measurement!) in good agreement with SM, but = 30 tension remains
with average.

Need to improve understanding of the shape of the lattice FFs for B - D* v
* HQET fits to lattice B — D + zero recoil lattice B > D* + QCDSR + LCSR agree with determinationsusing exp. dataas input
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Constraining NP in b = ¢#V using B —» D™ ¢y

These measurements can be used to constrain NP appearingin the light leptonic mode.

* The patterns of Wilson coefficients generated by different tree-level models are [1801.01112]:

Tree-Level Models Cy, Cy,, Cs, Csp Cr=Cs, /4

5HeNfF = ﬁ GeVep [ Vector-like singlet v
CVL ELV[J,bL Vector-like doublet v
+CVR C_Ry,ubR w' v
+Cs, Crby, It v v
+Cs . b
R_L R s, v
+CTCRO-MVbL + hC]
R, v
Note that CVL may be Ss v
absorbed into V,, U, v v
v, v
Us v
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Constraining NP in b = ¢#V using B —» D™ ¢y

Lattice tensor FFs are now availablefor B —» D*¢v and B — D;fv from HPQCD [2304.03137]:

0.3

hr,

1.0 1.1 1.2 1.3 1.4 1.5

0 B D
 B,—D:

1.0 1.1 1.2 1.3 1.4 1.5
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Constraining NP in b = c£v using B - D™ ¢y

Constraintsfor Wilson coefficients using just B — D ™) £¥ with e.g. £ = e are all consistent with the SM [2304.03137]

0.05 09.99% 99.99% 99.99%
0.21
99.74% 99.74% 99.74%
_ s =
20041 05.4% = =2 0.01 95.4% = \;3 95.4% =
68.3% 09 68.3% 68.3%
0 . I . 05
008 T 00 o1 % 525 0w oz 0%
Re(g7,) Re(gy,,)
Note that B = D*#vis much more " "
sensitive to a tensor couplingthan B B N
B — D¥v, and vice-versa for the PR BN | 1 ) S D S
scalar coupling g >_+>< _< 3 o 3
~0.1 4 e —01q e
b . 0%, = +AC5 @ 160 GoV S e e Ty T G;s\"l;';._,__
— Ideally want fully correlated lattice T GeEGRIIY g T AT N Dunget al,
calculation ofall B » D™ £y FFs | Mavia— Tl ) T A JHEP01(2019)009]
—-1.5 —-1.0 —0.5 0.0 0.5 1.0 1.5 —1.5 —1.0 —0.5 0.0 0.5 1.0 1.5
Re C§, Re C’gr_
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Experimental Outlook forb — cfv

Optimistically, uncertainties of R-ratio measurements may reach percent level

Commensurate uncertaintieson the theory side would require treatment of QED effects

Most recent lattice only results give R(J /) = 0.2582(38), R(D;) = 0.265(9), much more precise than
experiments are likely to obtain soon

Differential decay rate data from Belle Il will allow for further tests of angular asymmetries

Run 2 Run 3 Run4 Runb5 Run 6 .

18} cee R 18 ’R(ﬂ-) (had FET) ;

16: : R(J/T) 16 R(D*) (had FEI, had 1) |
— .\ \ s R DO} H = - R(D) (had FEI, lep D) 1
= 14f N ( ) ] > 147 - R(D) (SLFEL lep7) |
2 oAl B R(D™) 2 1ol R(D*) (SLFEL lep7) |
= 12} \ R(Ae) = R(X) (had FEL lep ) 1
£ 10} \ R(DY) ] £ 10f R(D") (had FEL lep 7) |
SEN: — R(D) 3
S gEEN AN L S ] g 8 -
£ 8 N e R(DY z 8 \
— Ly N N N taasmaamaad \"'.__ ‘.-_..' 1 'C_'U 6. J
g LI S~ s -
E_' 4:' w_i \t'.-. _____ 1 4: -—

2: Optimistic —— ol Optimistic ":::====:-_-_===-_ _____

. LHCb unofficial ~~===----======_ . L Belle II unofficial ———

0V 6 & o W o D S N ow o o . ST & % & & & 2 0 0 N

ITEIFIIFTFSIISLES FIFIFIIFIIITITS

AV N A S S S A A A vy v v v v v v v v

Data sample up to year Data sample up to year

[Bernlochner et al. Rev. Mod. Phys. 94, 015003]
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https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.94.015003

b sttf

1-loop in the Standard Model

vy, ZY A 10
P = Hefr = NG Gp thVt’Zz C; (W) 0; (1) +W
i=1
H=myp
W -
Main contributionsfrom Hg¢r are from local hadronic operators
£ £t
1% £~ £~
— ‘local’ FFs:
b )S b ﬁ)s
0, 05,014 (M@)o B() = FF~M(@»)S2(p', p)
2
e
e 0 my S;vHb; £y, L,
07 167-[2mb 5.0 bR F,uv 9 16 22 bSLY "PLtYu



+ —_—
b—-st™?
Non-local contributionsfrom Oy, O5 couplingto J /1, ¥ (2S), as well as on-shell states coupling to y from 05 (e.g. p,

w, P)

c _ = ~ c_ =J i =i J
Of =5.y¥c¢, CLYubr, 0= Siyter CLYubi

— ‘non-local’ FFs:

HZ~M(g®Sa(p’,p)

= (M(p)|T{jg™, X7-1 GO + X9-3C;0; + Cs05}{ B(p))

0f,05

These non-local contributionsare not well understood close to resonances

* Dispersive bound for non-local FFs give model independent constraints, control truncation error, include data for
e.g. B> K J/yYet ¢~ [2011.09813, 2206.03797]

* Usual solution: exclude veto regions with g2 around M3,

* Local FFs still dominate uncertainties



b sttf

Lattice calculationsfor b — s FFs are less advanced thanfor b — ¢
Fermilab-MILC: 2+1 asqtad, Wilson-clover b
HPQCD: 2+1+1 HISQ, heavy-HISQ b

hi(W) hr(w) hA1’2’3,V(W) hTLz_g(W)

B —» K® v’ [2207.12468] v’ [2207.12468] v’ [1310.3722*] v’ [1310.3722%]
v'[1509.06235] v'[1509.06235]

B, > ¢ v/ [1310.3722%] v’ [1310.3722%]
B, - DS(*) v’ [2108.11242] v’ [2108.11242]

* 2+1 asqtad, NRQCD b quarks

Note that the HPQCD calculation of the B - K SM+Tensor FFs [2207.12468] also included SM+TensorD —» K
FFs. The Fermilab-MILC collaboration has also computedthe D — m, D - K and Dg —» K SM FFs using 2+1+1
HISQ for all quarks [2212.12648], with work in progress to extend this calculationto the B.
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B —» K£7¢~ [2207.12468])

W. G. Parrott, C. Bouchard, and C. T. H. Davies: 2+1+1 HISQ, heavy-HISQ b

9 Jti—q? —[ti—to Y[ 2Y 2 resy Y (AqcD n
BCL parameterisation: z(q )_Wﬂ/ﬁ f'(@°) ~L,x P(q“ M, X ) ay, ", ,amp,alqgcp ) z

1 O Set1m0.8605 [J Set 6 m0.566 [>  Set 8 m0.8 O Set 1 m0.8605 [ set 6 mo.566 [>  Set 8m0.8
1 A Set2m0.643 [ Set6m0.683 <] Set9m0.449 A\ Set 2 m0.643 [ Set6moges <] Set9m0.449
¥ Set 3 m0.433 [] Set6m0.8 <] Set 9 m0.566 7 Set 3m0.433 (] Set6mos < Set 9 m0.566
Y% Set 3 m0.683 O Set7m0274 <] Set9m0.683 i Set 3 m0.683 g Set 7m0.274 <] Set 9 m0.683
— - Set Set 45 Set. 9
1.09 % set3mos QO Set 7 m0.45 <] Set 9 m0.8 1.0 Set 3 m0.8 o Set 7m0.45 < Set 9 "'”-“‘
- Set 4 m0.888 O  Set 7 m0.6 QO Set 10 m0.274 3 1.0+ Set 4 m0.888 Set 7 m0.6 O Set10w0271 L] ()
- Set 5 m0.664 ) Set 7m0.8 O Set 10 m0.45
J Set 5 m0.664 O Set 7m0.8 O Set 10 m0.45 D . . . .
Set 5 m0.8 l> Set 8 m0.194 O Set 10 m0.6 Set 5 m(.8 [> Set 8 m0.194 O Set 10 m0.6
1 ey ” e iy o i Set 5 m0.9 [> Set 8 m0.45 ) Set 10 m0.8
i Set 5 m0.9 [> Set 8 m0.45 O Set 10 m0.8 A | [ Set 6 m0.449 D> Set 8 m0.6
[ Set 6 m0.449 [>  Set 8 m0.6 A
).
oy 0.8 —
0 il 2
SV g r +
By Ly
sy /A\ .ﬁ N
[ W~ I~
BN AL —_—
o %; N S
| I =
0.6 ~ L
S—— S Y
5
0.5+ 0.5
0.4
T T T T T T T
0.1 —0.3 —0.2 —0.1 0.0 0.1
z FA
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B —» K£7¢~ [2207.12468])

W. G. Parrott, C. Bouchard, and C. T. H. Davies: 2+1+1 HISQ, heavy-HISQ b

0.8+ ~0.8
1
0.6 \ -0.6
4 O Set 3 m0.433 Set 6 m0.449 Set 7 m0.6 4
0. O Set 3 m0.683 Set 6 m0.566 Set 7 m0.8 0.
O Set 3mo0.8 Set 6 m0.683 [ set 8mo0.194
/\ Set 4 m0.888 Set 6 m0.8 [ Set 8 m0.45
Y%  Set 5 m0.664 Set 7 m0.274 [ Set 8 m0.6
¢ Set 5 m0.8 Set 7 m0.45 L] Set 8 m0.8
4 %  Set 5m0.9
L —— N B N B o
—0.3 —0.2 —0.1 0.0 0.1
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B —» K£7¢~ [2207.12468])

W. G. Parrott, C. Bouchard, and C. T. H. Davies: 2+1+1 HISQ, heavy-HISQ b

3.0
2.5
2.0°
1.5
1.0-
0.5

3.0
2.5
2.0
1.5
1.0
0.5

|---:0.0

0.0

¢*[GeV?]

.15.

20

3.0 3.0
- . (0) Tr(@hax: 1) % ETMC 18
Fr(0,42) O HPQCD 13 /\ FNAL'15
O Er™mc 17 Gubernari et al. 15
2.5 2.5

2.07

1.5+ 1.5
I [
.04 @ 1.0
| e |
0.5 0.5
0.0 7 — T — — T T T — 0.0

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
M > M
D Mpy[GeV] b
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B —» Kf7¢~ [2207.13371]

W. G. Parrott, C. Bouchard, and C. T. H. Davies: 2+1+1 HISQ, heavy-HISQ b

0.5 S o | 5!
a ®  Belle 19 e Bt > Kt¢*t¢~ differential branching fraction shows clear discrepancy
! o e LHCh'12B . .
= 0.4+ o 1nch s 0.4 with experimental measurements [2207.13371]
O | - ® LHCh '14C
%0-3‘ | e wicb2r 0.3« Similar situation for B® - K°¢*¢~ and B~ - K~¢*¢~ modes.
~
T 029 4 ~().2
= | Belle '19 R —
= 0.1 -0.1 B oKt
- J/U  w(2S) LHCb 21 ———
0.0 : : : | | 0.0 LHCDH "14A & N (1.1,6)
0 5) 10 15 20 B — K'%* . (15,22
qQ[GeVQ] LHCD "14A @ . (1,0
Belle '19 T
* Integrating over allowed regions gives tension at the
. . LHCb "14A |B" » K'p'um ——@—
level of ® 3 — 50 with recent experimental
measurements. LHCb "14A ———H—
0804 0.0 04 08 12 1.6 20 24
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B- K<¢"¢{,B, > ¢pt ¢~

Dispersive bound for local and non-local FFs combined with older lattice results and LCSR [2206.03797]
e Similardiscrepancyto B = K in both cases.

><|1075 L . 1 : L L x 107.4 1 1 . 1
| —=- BSM best fit Ladl ——~ BSM best fit
C‘\] ] BSM benchmark — : BSM benchmark
. L [N}
= 8 | SM prediction | - |l SM prediction
cf)’) : B LHCb 2016 = ] Bl LHCb 2021
= 1‘ FH  Belle 2019 o 1
I o640 H  CMS 2013 i = 07%
e | CMS 2015 = Il
l:g 2 \\ T; S 0.8 ‘ |
gl T la | 3 |
= Y - ?7‘_' =0
~ e § BN
H*M = J_ ‘—4%0'4_ \\\\- . - o
<2 1 - & s N e = e ey
Sg, 5 0.2 1
[2206.03797] [2206.03797]
0 - - - ' ' 0.0 . . - - ; -
4 , 6 8 2 4 6 8
¢* [GeV?|
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B-> K¢t"¢ B

Similar level of discrepancy for P5’

— LT~

2
P!(g?) = Ss(q?)
5007 = Jrrama-maD)

@) =3¢ = F5 -2 as[r -1 | dcoston
2 d3(F I d(T + I
% dq?dcos(6y)de dq?

A +=0
2y _ dI'K ar
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1.00

0.50 A

0.25 1

0.00 A

—0.25 A

—0.50 4

—0.75 1

—1.00

\ [2206.03797]
0.75 4\

— == BSM best fit

BSM benchmark L

SM prediction

H LHCb 2020
H ATLAS 2018

\—
\
I—%
N\
> ! 6 3
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b - sf* £~ : BSM analysis

2.5 : :

Combine experimental results with LQCD FFs with 1+ sM
LCSR, improved dispersive bounds to constrain (g and 204 W B Kuu+Bs—up |
C10 [2206.03797] ' B K
15 - BN By — pup i
B_>K[l+,u_,BS_>M+‘Ll_ 10-/ |
= .
B K*'utu A
_ O 05 I
B - ¢putu o
A 0.0 i
— Look forward to simultaneous BSM analysis using 05 - i
new LQCD (e.g. W. G. Parrott et al.) and new
experimental results in these channels ~1.0 - i
[2206.03797]
_15 1 ) 1 )
—2 1 0 1

Re CBM

(this figure does not include HPQCD 22 B - K or CMS B, — putu~
[2212.10311], bounds for each channel computed separately)
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Ry o+

b - sf* £~ : BSM analysis - LFU

New measurement of R, () by LHCb asks if deviationsfrom SM seenin b — sutu~ canbe explained
consistently.
e Best performing 1D LFU NP case, Cémiv [2212.10497]
e QCD effects could contribute = understanding non-local contributionsvery important

1.2

0.8

0.6

1.4}

LHCDb Rk low-¢> = 0.9947)0%

9 fh!

Ry central-g°> = 0.9497)013
Ry low-¢° = 092770100

Ry central-¢° = 1.0277007%

]14rjf

{ Data

2
Y2=16,p=0812, =02
SM

[2212.09153]

Ry low-q

2

Ry central-¢° Ry low-¢° Ry~ central-¢?
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2.0
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——— Rg & Rg- 1o, 20
1.5 7 b— sup lo, 20
1.0 A
0.5 1

v
L

7

0.0 // ///

_].0 1 1 1

-20 -15 -1.0 -05 00
bspip
Cy
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b - ufv

Form factors much more expensive computationally due to light quarks, especially for physical pions

Fermilab-MILC: 2+1 asqtad, Wilson-clover b and ¢ quarks
HPQCD: 2+1+1 HISQ, heavy-HISQ b
JLQCD: 2+1 Mobius domain-wall, M6biusdomain-wall b

hi(W) hr(w) hA1’2'3,V(W) hT1’2’3(W)
B->mn/B-p v’ [2203.04938]
[1503.07839]
B, > K® v'[1901.02561]
B, —» D® v [2108.11242] v [2108.11242]
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B — m{v [2203.04938]

Recent JLQCD calculationof B — m form factors

1.0

0.8

0.6

0.41

0.21

6
% b (1—a*/Mj)f-
m fo 47
2 -
% O_ ......f(\.'\\w
to
g
& 727
% BaBar 2010
—4 BaBar 2012
Belle 2010
—6- Belle 2013
All expts.
[2203.04938] Excl. BaBar 2010
: : : ‘ ‘ ‘ : —8 1 JLQCD lattice only
—0.3  —-02 =01 0.0 0.1 0.2 0.3 , , , | | | : |
z -35 -30 -25 -20 -15 -1.0 -05 0.0 0.5
b1+/b0+
Good agreement between lattice shape parameters and experimental measurements
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B — m{v [2203.04938]

B — mfv provides a means to compute the CKM matrix element |V, |
e JLQCD findV,, = 3.93 + 0.41 x 1073
* Work in progress by both HPQCD and Fermilab-MILCcollaborations

rrflj_‘ 4.8 _I 1 ] I 1 T L] I | ) 1 I L) 1 T I 1 ] L) I l_
— - Exclusive [V _| Ay’ = 1.0 contours =

4.6 b
JLOQCD S : C nclusive .
] QC —4.4 - Exclusive [V, | IIij\I GGou ]
= - . ]
Fermilab/MILC+ —— > 40E Vi1V Vol loba it 3
- HFLAV Average 3
RBC/UKQCDS af ’ =
HPQCD/ % 3.8 = =
3.6 B
Ay i1 A - ]
b Pty 34 NI E
FLAG average < 3.2F —
N = HFLAV &
HEFLAV excly 3 C .
2.8 () =89% ]
HFLAV incl]| [2203.04938] L AR R S I B R I
300 325 350 375 400 425 450 36 38 40 42 a4 |
Vil x 10° V.| [107]

Also offers a test of LFU through the ratioR(r) = I'(B - ntv,) / T'(B - mfv,), expected to be measured by
Belle Il with precision of = 14%
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B - p(— ntm)fv [2212.08833]

B — p(— nm)€v provides a complementary determination of the CKM matrix element |V,,;|
* Challengingon the lattice, due to p resonance.

e 2212.08833 follows the approach of Briceno, Hansen, and Walker-Loud (e.g. [1406.5965]) to compute the
transition amplitude, %.

e Currently, only preliminary results
for the vector current at a single
lattice spacing.

400 |

300 |
* Nevertheless, demonstrates |
VT

feasibility of such calculations T

200 |
* Experimental data available from
BaBar, Belle and recently Belle Il 100 |
[2211.15270] but hadronic matrix ’f
elements not yet well known. o l48

[2212.08833]

Heavy Quark Flavour Physics - Judd Harrison



B — KV [2203.04938]

Work in progress by Fermilab-MILCon B — K using 2+1+1 HISQ gauge configurationsand HISQ heavy quarks,

e.g

1.0
A / Preliminary, blinded
0.9 A
6 J ® 0
0.81 ; .
. oy ® .
O]
®
0.7 R
v
0.6 1 $ o °
m
i th
0.5 1 [IJ 4> 4’
0.4 il th . .
0 10 15 20 25
¢* [GeV?]
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< o = &= - < < <

= &

a=0.088 fm, ml=0.1ms, mh=1.5mc
a=0.088 fm, ml=0.1ms, mh=2.0mc
a=0.088 fm, ml=0.1ms, mh=2.5me¢
a=0.088 fm, ml=phys, mh=1.5mc

a=0.088 fm, ml=phys, mh=2.0mc

a=0.088 fm, ml=phys, mh=2.5mc

a=0.057 fm, ml=0.2ms, mh=2.0mec
a=0.057 fm, ml=0.2ms, mh=3.0mc
a=0.057 fm, ml=0.2ms, mh=4.0mc
a=0.057 fm, ml=0.1ms, mh=2.0mec
a=0.057 fm, ml=0.1ms, mh=3.0mc
a=0.057 fm, ml=0.1ms, mh=4.0mc¢
a=0.042 fm, ml=0.2ms, mh=2.0mec
a=0.042 fm, ml=0.2ms, mh=3.0mec
a=0.042 fm, ml=0.2ms, mh=4.0me
a=0.042 fm, ml=0.2ms, mh=1.0mb

[PoS LATTICE2022 (2023) 418, 2301.09229]
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Summary

b - ctv

New B(s) = D(s) €7 SM+Tensor FFs from HPQCD, B — D" €7 SMFFs from JLQCD, WIP by Fermilab-MILC on B(s) — D{;) 47

Lattice R(D™) seems to disagree with HQET predictions, some discrepancy with semimuonic shape and asymmetry measurements from
Belle and Belle 11

Need to look carefully at ingredients of lattice calculations
New experimental results expected in B = D*fvand other channels soon

b— stte

Recent SM+Tensor FFs from HPQCD confirm tension seen between theory and experiment in branching ratiosin B - K [2207.12468,
2207.13371], WIP also at Fermilab-MILConB — K

LHCb R v [2212.09153] highlights importance of understanding non-local contributions -> look to new dispersive bound calculations
[2011.09813, 2206.03797]

WIPon Bs = ¢ and B — K* FFs at HPQCD will clarify situation in these channels where current discrepancy is based on older nonrelativistic
calculations

b - ufv

B — mfv SM FFs from JLQCD in agreement with experimentally measured shape, give exclusive V., compatible with both inclusive and
exclusive averages [2203.04938]

WIP by Leskovec et al. on B = p(— )£V [2212.08833], treating the p resonance using the Lellouch-Liischer method
WIP by HPQCDon B — tfv
WIP by Fermilab-MILCon B = K€V and B = nfv

Thanks for listening!
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B? — D*~¢*v Bellell Preliminary [2305.10746]

Recently, Belle Il reported preliminary results for a measurement of |V, | using 189fb~! of ete™ collisionsat the Y(4S)
resonance and 18fb™! of collisions 60MeV below the Y(4S) resonance.

Using LQCD for the normalisation at zero recoil:

IVoplgar = 40.6 + 0.358%8 4+ 1.05¥5t + 0.6 x 1073,

Belle II (2023)Preliminary [Ldt =189 fb*
Whigh
Ars |, — — low A
*  Wincl,
SS [] —— — e V7 SBIZLE (2023) - |
Belle 11 (2023)
55 [ Bobeth, et al.
S7 —— —_—— —,—
SQ —— [—— —_—
L L L B L L L L L L L B L O L L L L L L L L L L L L L B L L LA B L
—-0.2 —-0.1 0.0 0.1 0.2 —-0.2 —-0.1 0.0 0.1 0.2 —-0.2 —-0.1 0.0 0.1 0.2
A — Az, A A AA = A* — A°

w € [1.0,1.275] (Wlow); w € [1.275,= 1.5] (Whigh)
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