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Introduction

example: B — D™ "y,

Experiment vs. SM theory:

(experiment) = (known) x (CKM factor) x (had. matrix element)

U L)

dU'(B — wlv) dI'(B — K{T07) N Lattlce QCD
dq? 7 dg? ’
dl'(B — D{v) dT'(B — Dtv) parameterize the MEs in
dw ’ dw e terms of form factors,
Amg(s) decay constants, bag
. parameters, ...
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Introduction

@ For |V.| determinations use
* By = Dy tv, (£ =ce,pu)
+ Bsy — DZKS) v, (L=e,pun)

Q@ For tests of lepton flavor universality use
+ By = Dy 17 | B(g) — Dg) Lvp
* By — DTS) TVr | By — DEKS) Cuy

@ We need form factors at nonzero recoil for both.
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Introduction

B(S) — D(S) v

D) b o) on + up) + h-(@)(on —vp)
G) = o) + 2 b ) ~ L)

B(S) — D?S) KV‘

(D*(pp-, €'V)|A*|B(pp)) _ i ()

9" (1 + w)ha, (W) = vp (Vgha, (W) + vp.ha, (w))]

VMpgMp- ) v
(D*(pp=, “NIVHBB) 1 10 (o)
VMg Mp- = 5" oo &7 Upvh- hy (@)
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Lattice OCD Introduction

_ 1
Lacp = ) y(D+my)y + 2 Eu
f

A + discrete Euclidean space-time (spacing a)
0 derivatives = difference operators, etc...

+ finite spatial volume (L)

4+ finite time extent (7)
adjustable parameters

% lattice spacing: a=>0 €3

% finite volume, time: L=>oco, T>L Q

™ O O
< quark masses (my): MH jat = M exp Q Q Q \
mud mS mc mb

tune using hadron masses M ™ Mfphys

extrapolations/interpolations

+ also: nr= number of sea quarks: 3 (2+1),4 2+1+1)
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“H Lattice OCD Introduction

_>a4_

systematic error analysis

...of lattice spacing, chiral, heavy quark, and finite volume effects is based
on EFT (Effective Field Theory) descriptions of QCD
—> ab initio

The EFT description:
@ provides functional form for extrapolation (or interpolation)
@ can be used to build improved lattice actions/methods

@ can be used to anticipate the size of systematic effects

To control and reliably estimate the systematic errors
@ repeat the calculation on several lattice spacings, light quark
masses, spatial volumes, ...

L

a (fm)
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Lattice guide

@ Need to have several (22) lattice spacings.

Comparing lattice results with different actions provides good cross checks
of methods used.

@ “physical mass ensemble” means pion mass is at (or near) its physical value.
If larger than in Nature, there must be a range of light quark masses, where
the pions shouldn’t be too heavy at low end of the range.

@ box size should have mxL z4.
@ sea quark flavors: 2+1, 2+1+1, 1+1+1+1
@ complete systematic error analysis and budget

@ FLAG: compare/combine results from different lattice groups for
specific quantities.
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form factor for B — DY v & V,

dF(B:wD*fl/) _ (kIlOWIl) ><>< (UJZ . 1)1/2|.7:(w)\2

Using CLN to extrapolate to w=1 (HFAG 2016):

B — D"y : 77EW|VCb‘F(]~) — (35.61 -

- 0.11 -

- 0.41) x 1073

(J. Bailey et al, arXiv:1403.0635, 2014 PRD): F (1) = 0.906(4)(12)

L (J. Harrison @ Lattice 2016, preliminary)
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Form factor for B — D™ at zero recoll

> (J. Bailey et al, arXiv:1403.0635, 2014 PRD):

0.50

* 15 MILC asgtad ensembles
5 lattice spacings

o0 o @ e © - ~ 4 sea quark masses per lattice spacing
: : ~ 600 - 2000 configurations
_0or " X 4 time-sources per ensemble
S B -
s « asqtad light valence quarks

0.20:—00 (@) O . —
: 1+ Fermilab b quarks

- e o 0 :
o0 @ @ O 7 * O(a) improved current
* o | : L
: 1 * mostly nonperturbative renormalization
0.00 L— ' ' '
00 006 009 0.12 0.15 0.8 (MNPR)
a (fm)
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Form factor for B — D™ at zero recoil

* FNAL/MILC 2014 (J. Bailey et al, arXiv:1403.0635, 2016 PRD):

¢ continuum

0.50 1 . . .
i 0.98
o4 o @ @ O - I
I 0.96 —
030 = i
< 0.94 —
T | - =
o0o-eoe © O ‘ - ~_0.92
- - < k3 % b
i i - K %
- @ o O - %
0.0 @ (<] O - 0.9
* ® 0.88
| | | | i
0006 006 009 0.12 0.15 0.18
a (fm) 0.86 —
0.84 | | ! | ! |

A. El-Khadra

0 0.005 0.01 0.015
2 . 2
a (fm")
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Form factor for B — D™ at zero recoll

X (J. Bai|ey et al, arXiv:1403.0635, 2014 PRD):
0.50 1 ; . i
a=0.15fm
[ ] 0.98 - a=0.12 fm 7
o4 o @ @ O - - " a= 882 fm .
- . 4+ a2=0.06fm
0.96 = v a=0.045 fm -
i i - ~ extrapolated value -
0301 ] ~ 094 -
£ = |
3 | i = 0.92 _} { { |
0000 @ @ o S _i H E ﬁ I $
- e @ © 0.9 1 -
010 @ O O _ B i
B 0.88 —
* () ] i
| | | | 7] 086 1 | 1 | 1 |
0000 006 009 0.12 0.15 0.18 0 0.1 , 0.22 0.3
@ (fm) m_ (GeV")

% combined chiral-continuum extrapolation
% cusp due to D* — Dm and mp+-mp ~ m

T

% included using ChPT with D*Dr coupling as input.
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Form factor for B — D™ at zero recoil

+ HPQCD (J. Harrison @ Lattice 2016, preliminary):

500

I ! I ' I ' I

MILC 5= 2+1+1 & o

ol g s
A AEMERONONONE
S |
el ° o (o) (o)
ANONONONS
% '0.62 | 0.641 % 0% o1 o2 ol o

A. El-Khadra

* 8 MILC HISQ ensembles
3 lattice spacings
~ 3 sea quark masses per lattice spacing
including one each at physical mass

« HISQ light valence quarks
« NRQCD b quarks

* O(a) improved current

ove 008 ool 0l ole 01 e 1_|oop perturbative renormalization is the
a (fm)

dominant source of error

* systematic error analysis in progress
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Form factor for B — D™ at zero recoll

(J. Harrison @ Lattice 2016, preliminary):

> Coarse

- Very Coarse

+
E3

Fine
Fit result |

preliminary

\Plr L

0.00 0.02 0.04 0.06

M? /GeV?

0.08

0.10

* 8 MILC HISQ ensembles
3 lattice spacings
~ 3 sea quark masses per lattice spacing
including one each at physical mass

« HISQ light valence quarks
« NRQCD b quarks
* O(a) improved current

* 1-loop perturbative renormalization is the
dominant source of error

* systematic error analysis in progress
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Form factors torB — D/lv, (£ = e, u,T)

dl'(B — D pv
( p pv) = (known) ><>< fi (g

* calculate the form factors in the low recoil energy (high ¢?) range.
* use z-expansion for model-independent parameterization of ¢> dependence.

* calculate the complete set of form factors, f+(¢%), fo(a?).

* for f1(¢°) compare shape between experiment and lattice.

A. El-Khadra DM7v 2017, Nagoya, Japan, 27-28 March 2017

15



Form factors torB — D/lv, (£ = e, u,T)

FNAL/MILC (arXiv:1503.07237, PRD 2015)

0.50

0.40

0.30

' im'

0.20

0.10

A. El-Khadra

* 14 MILC asqgtad ensembles
4 |attice spacings

- e @ - ~ 4 sea quark masses per lattice spacing
~ 600 - 2000 configurations
: - X 4 time-sources per ensemble
» asqgtad light valence quarks
— @ O ‘ ]
 Fermilab b quarks
o © :
- ® ‘_ * O(a) improved current
I ® ]
£ | | : * mostly nonperturbative renormalization
0 0.06 0.09 . (fm) 0.12 0.15 (mNPR)
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A. El-Khadra

Form factors torB — D/lv, (£ = e, u,T)

FNAL/MILC (arXiv:1503.07237, PRD 2015)

(er]forscl)2 (%)

statistics
xPT/cont
HQ disc. + scale r; m—
matching m—

lattice data

f+

errors (%)

(er]rorscl)2 (%?)

statistics
xPT/cont
HQ disc. + scale r; m—
matching m—

lattice data
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Form factors torB — D/lv, (£ = e, u,T)

w
151 Ll L2 L3 L4 L3 LIS9 {pOcCD (arXivi1505.03925, PRD 2015)
v : 201
| plot by R. Van de Water —HPQCD 2015 | FNAL/MILC (arXiv:1503.07237, PRD 2015)
— FNAL/MILC 2015
i Belle 2015 | A :
& O BaBar 2009 | w Two LQCD calculations

(FNAL/MILC, HPQCD)

HPQCD uses 5 MILC
ensembles and different
valence quark actions

1

P SSz===1= v LQCD form factor
i : - TT== ] uncertainties (~1.2%) smaller
! lattice data ;2 eXt"aPO'aj'O” - than experiment.
05 | | o | | |
~0 001 0.02 0.03 0.04 0.05 0.06
Z
v LQCD form factors can be used to calculate the CKM free ratio:
R(D) = B(B — Dtv;)
-~ B(B — Dtv)
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B— Div & ‘Vcb‘

v« combine LQCD form factors with experiment, using the BGL (Boyd, Grinstein,
Lebed, hep-ph/9508211, 1996 NPB) parameterization:

13
S D. Bigi & P. Gambino ~ —e— Belle 2015 7

. (arXiv: 1606.08030,  —e— BaBar 2009

| i& 2016 PRD) -~ HPQCD 2015

. ~— ENAL/MILC 2015 |

09%5

0.8 “

7. S Y Y. S T a— Y —

form factors f.(z) (upper plot) and fy(z) (lower plot)

v FLAG-3 (S. Aoki et al, arXiv:1607.00299, EPJC 2017) performs a similar

combined fit using the BCL parameterization.
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A. El-Khadra

Ne=2+1

Nf=2

w hon — lattice

Implications for |V

3
— B— Dtv
H—l—H B—>D*fv
O B— Dfv
——i HFAG inclusive
6 38 40 42 44 46
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A. El-Khadra

Ne=2+1

N¢=

w hon — lattice

Implications for |V

3
FIAG2016 | |Vcb|IX10 |
— B— Dtv
H—l—H B—>D*fv
@
O B— Dfv
——i HFAG inclusive
6 38 40 42 44 46

Two new analyses:

* Bigi, Gambino, Schacht
(arXiv:1703.06124)

e Grinstein, Kobach
(arXiv:1703.08170)

Both use new Belle
data (arXiv:1702.01521)
and BGL together
with lattice F(1).

DM7v 2017, Nagoya, Japan, 27-28 March 2017
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BSM phenomenology: LFU 7/¢

B(B — DYry,)
B(B — D™)/(v)

R(D™) =
HFAG average for EPS 2015

! | ! EI I E | ! ! ! Vo 0.5 1 1 1 | I | | | | I | | | | I | | | |

: i W — -
: : [ ——— BaBar, PRL109,101802(2012) )’ ]
BaBar o) - ——— Belle, PRD92,072014(2015) Ay = 1.0 contours .
0.440 + 0.058 = 0.042 - R 045 LHCb, PRL115,111803(2015) == SM Predictions —
; ; - Belle arXiv: 1612 00529 R(D)=0.299(11) FNAL/MILC (2015)
Belle 5 ; 0.4 — [ Average R(D*)=0.252(3) S. Fajfer et al. (2012) ]
0375 + 0.064 = 0.026 : - = 5
035 —
Average = =
0391 = 0.041 = 0.028 : — 1 = =
: : 03= =
SM prediction ; ; _ _
0.297 + 0.017 B : 025 -
Bigi & Gambino ' - Morionzd EW 2017 |5
FNAL/MILC i O B 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 P(XI ) =I67 .4;% a

HPQCD : :

: %).2 0.3 04 0.5 0.6
HFAG g g R(D)
: :
I T HFAG 2017 average: combined 3.90 excess
0.2 04 0.6

R(D)
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A. El-Khadra

BSM phenomenology: LFU 7/

D. Du et al (arXiv:1510.02349, PRD 2016)

1 _l 1T 1 | 1T 1 | 1T 1 | 1T 1 | 1T 1 | 1T 1 |_
i /BeDev T
(@\]

> 08 1 -

(D]
O i i
0.6 -
L i i
o i i

O
> 04 —
(@\] | _]

o
Q — _
= 02| -
o L _
0 __ | | [ I\"l"l [ | L1 1 | | |~I~II~’ |__

)

2 4 6 8 10 12
q> (GeV)

The shape of the B — D v rate is sensitive to fy contribution.

Shape comparison: use (ratios of) differential or binned decay
rates to compare theory and experiment.

T —

DMty 2017, Nagoya, Japan, 27-28 March 2017
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BSM phenomenology: LFU 7/¢

D. Du et al (arXiv:1510.02349, PRD 2016)

B(B — wrTv,)

ICti R = = 0.641(17

SM prediction for R(7) BB = i) (17)
g\ 8
e Uses the form factors from
L o6} the combined LQCD + exp.
i;.: 5 | fit to dB(B —mlv)/dg?
S
Y
(S
T2
5 o1
SEN '

0 5 10 15 20 25

¢*(GeV)?
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Prospects for B(s) — D(s) form factors at all recoil

A. El-Khadra

ongoing/planned LQCD calculations:

4
s

RBC/UKQCD:
B — D and By — D, form factors
RHQ action for b quark, DWF charm on DWF (2+1) ensembles

preliminary results presented at Lattice 2016 (Witzel)

HPQCD:

Bs — Ds torm factors

NRQCD b quarks, HISQ charm on MILC asgtad (2+1) ensembles
preliminary results presented at Lattice 2016 (Monahan)

FNAL/MILC:
B — D and B; — Dy form factors
Fermilab b,¢ quarks on MILC HISQ (2+1+1) ensembles (full set)

LANL/SNU:

B — D form factors

Oktay-Kronfeld b,c quarks on MILC HISQ (2+1+1) ensembles
First tests of discretization errors with OK action at Lattice 2016

DM7v 2017, Nagoya, Japan, 27-28 March 2017
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Prospects for B,y — D,y form factors at all recoil

A. El-Khadra

ongoing/planned LQCD calculations:

w HPQCD:
NRQCD b quarks, HISQ charm on MILC HISQ (2+1+1) ensembles

w FNAL/MILC:
1) Fermilab b,c quarks on MILC asqgtad (2+1) ensembles (full set)
2) Fermilab b,c quarks on MILC HISQ (2+1+1) ensembles (full set)

w LANL/SNU:
Oktay-Kronfeld b,c quarks on MILC HISQ (2+1+1) ensembles

w RBC/UKQCD:
RHQ action for b quark, DWF charm on DWF (2+1) ensembles

Combine binned experimental decay distributions (Belle, arXiv:
1702.01521) with LOQCD form factors to extract |Ve| and obtain
improved form factors to be used for SM predictions of R(D™).

DM7v 2017, Nagoya, Japan, 27-28 March 2017
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Electroweak corrections, n7gw

% ltincludes a log from W/Z/y boxes (Sirlin, 1982): ngw = 1 + Rl P

T W

% In B® decay, there is a long-distance (universal) radiative correction due to
Coulomb attraction between the final states: ma /2

% Structure-dependent radiative corrections have not yet been calculated.

A. El-Khadra DM7v 2017, Nagoya, Japan, 27-28 March 2017
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Leptonic B-meson decay

Example: BT — 771

I’(BjL — T+V7-) = (known) X f%

@ use experiment + LQCD input for determination of CKM element or to
search for new physics.

@ SU(3) ratio 5,/ fB,: statistical and systematic errors tend to cancel.
@ Decay constants are also needed for rare leptonic decay, Bsa) —uu.

A. El-Khadra DM7v 2017, Nagoya, Japan, 27-28 March 2017
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B decay constant summary

S. Aoki et al
(FLAG-3 review, arXiv:
1607.00299, EPJC 2017)

MeV MeV
— FTAG2016 fe ( ) _ FTAG2016 fa, | )
+ T T T T T + T T T T T
)
‘:_ # _._g 2 .2 /0 FLAG average for Ne=2+1+1 : I (— 2_2% FLAG average for Ne =2+1+1
.
(ﬁl H— ETM 13E N +_D_¢ ETM 13E
I - HPQCD 13 IL | - HPQCD 13
= - FLAG f <
=2+1
average for Nr=2+ il FLAG average for Ny =2+1
f —— i RBC/UKQCD 141
\n T RBC/UKQCD 142 — i RBC/UKQCD 14
(‘\‘*‘ : — | RBC/UKQCD 14A (‘: * | RBC/UKQCD 14A
h HH i RBC/UKQCD 13A (stat. err. only) I L Bl RBC/UKQCD 13A (stat. err. only)
“ —H{ HPQCD 12 — f L { HPQCD 12
z - HPQCD 12/ 11A z - HPQCD 11A
¢ FNAL/MILC 11 — FNAL/MILC 11
— HPQCD 09 *—o—[ro% HPQCD 09
. FLAG average for N¢ =2 —— FLAG average for N¢=2
- | ALPHA 14 ‘
« ] | ALPHA 13 : K ﬁtg:ﬁ i;’
I —— ETM 13B, 13C o~ - ‘
e H+—— —— ALPHA 12A Il — ETM 13B, 13C
zZ —_— ETM 128 s |—T ALPHA 12A
H——H ALPHA 11 L] ETM 12B
— ETM 11A L ETM 11A
: i, ETM 09D % ETM 09D
160 175 190 205 220 235 250 MeV 210 230 250 270 290 MeV

Ne=2+1+1

N¢=2+1

N¢ =2

FLAG2016

fs./fB

FLAG average for Ny =2+1+1

ETM 13E
HPQCD 13

il
-
L

0.7% —>ml<—
5

— -
1
—(

|

FLAG average for Ny =2+1
RBC/UKQCD 141

; RBC/UKQCD 142

RBC/UKQCD 14A

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

FNAL/MILC 11

RBC/UKQCD 10C

HPQCD 09

-l
-

i

O

FLAG average for N; =2

ALPHA 14
ALPHA 13
ETM 13B, 13C
ALPHA 12A
ETM 12B

ETM 11A

1.10 1.15

20 1.25

status
end 2015

+ new results by ETM (arXiv:1603.04306, 2016 PRD)

+ ongoing work by
FNAL/MILC (Komijani @ Lattice 2016),
RBC/UKQCD, ...

m expect to reduce errors on fz, fzs to = 1%

dya, Japan, 27-28 March 2017
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B-meson summary

errors (in %) FLAG-2/3 averages + new results

f5./fp -

st A
I*
/B o
I_
FB=D"(1) —'
PP (w)
R(D) _
f—)ﬂ'(q2) :
f 1
Ill:lllllllllllllllllll
0 2 4 6 8
\rrorin%
goal
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Summary

w LQCD results exist for B —D form factors at all recoil and B — D*form
factor at zero recoil with errors that are commensurate with experimental
uncertainties.

w Expect to see new LQCD results for By —D(s) and B(s) — D" form factors at
all recoil at Lattice 2017.

> may affect the tension between exclusive and inclusive determinations
of [Vel.
> will enable an improved SM estimate of R(D").
w For B decays to DMrv final states, shape comparison between theory and

experiment would be useful.
w LQCD (or combined lattice +exp) form factors can also be used to obtain
the predictions for R(D™) and other observables from BSM theories.

w expect LQCD results for B-meson decay constants at 1% level soon.

A. El-Khadra DM7v 2017, Nagoya, Japan, 27-28 March 2017
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Further improvements

w Gauge field ensembles with light sea quarks at their physical masses are
being used in a growing number of LQCD calculations.

w will need to include
+ structure-dependent QED effects

> program being developed for kaon quantities, muon g-2

w Include effects of D* — Dm directly in the LQCD calculation. Theoretical
framework for semileptonic B decays to vector meson final states under
development (Bricefio et al, arXiv:1406.5965, 2015 PRD; Agadjanov et al, arXiv:1605.03386).

> LQCD pilot studies are underway for B, — K* /v, B — K* /U, . ..

Amala Willenbrock
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‘ : Lattice OCD Introduction

_>a4_

. -\ _g : v [ NV DR
()~ [DUDIDAOW, b, 4)¢* S= [z [pp+myv + J(FL)
use monte carlo methods (importance sampling) to evaluate the integral.

Note: Integrating over the fermion fields leaves det() +m) in the integrand. The
correlation functions, O, are then written in terms of ({p+m)! and gluon fields.

steps of a lattice QCD calculation:

1. generate gluon field configurations according to det(D+m) e
2. calculate quark propagators, (D+m,)!, for each valence quark flavor and source point

3. tie together quark propagators into hadronic correlation functions (usually 2 or 3-pt
functions)

4. statistical analysis to extract hadron masses, energies, hadronic matrix elements, ....
from correlation functions

5. systematic error analysis

A. El-Khadra DM7v 2017, Nagoya, Japan, 27-28 March 2017 36



Heavy Quark Treatment

e For light quarks ( m¢ < Aqcp ), leading discretization errors  ~ oz’s“(aAQCD)”

* For heavy quarks, leading discretization errors ~ a?(amh)”
with currently available lattice spacings

for b quarks amp > 1
for charm am:~ 0.15-0.6

—— > need effective field theory methods for b quarks
for charm can use light quark methods, if action is sufficiently
improved

* avoid errors of (amp)" in the action by using EFT:

+ relativistic HQ actions (Fermilab, Columbia [aka RHQ], Tsukuba)
+ HQET
+ NRQCD

or

e use improved light quark actions for charm (HISQ, tmWilson, NP imp. Wilson,...)
and for b:

+ use same LQ action as for charm but keep amp <1,
+ use HQET and/or static limit to extrapolate/interpolate to b quark mass

A. El-Khadra DM7v 2017, Nagoya, Japan, 27-28 March 2017
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chiral-continuum extrapolation

Some ensembles still have
Miight > 1/2 (my + Ma)phys

¥PT guides the extrapolation/interpolation to the physical point.

@ include (light quark) discretization effects (for example, staggered yPT)
@ can also add HQ discretization terms to chiral-continuum fits

@ combined chiral-continuum extrapolation/interpolation

@ for B,D meson processes use Heavy Meson yPT: xPT + 1/M expansion

A. El-Khadra DM7v 2017, Nagoya, Japan, 27-28 March 2017
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chiral-continuum extrapolation

Example: Set of ensembles by MILC collaboration

S(X) I I I I I I I I I I I I I I 1 I
MILC np=2+1+1 —
in progress
400 — @® planned —
~
> 300 |- ® ¢ © O O _
=
— @) e
El—'s’ 200 I © @ ]
100 — —
0 1 l 1 l 1 l 1 l 1 [ 1 l 1 l L l

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

a (fm)

Five collaborations have now generated sets of ensembles that include sea quarks
with physical light-quark masses: PACS-CS, BMW, MILC, RBC/UKQCD, ETM

A. El-Khadra DMty 2017, Nagoya, Japan, 27-28 March 2017
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finite volume effects

One stable hadron (meson) in initial/final state:

If L is large enough, FV error ~ e~ ™~

Q keep my L = 4

To quantify residual error:

@ include FV effects in yPT

@ compare results at several Ls (with other parameters fixed)

The story changes completely with two or more hadrons in initial/final state!
(or if there are two or more intermediate state hadrons)

A. El-Khadra DM7v 2017, Nagoya, Japan, 27-28 March 2017
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The z-expansion

t=q° 1z
L 2t tg) = Vig =1 =l = o
Vie =1+t —to
] R > ty = (mp £ my)? 4
I 4 oz = t- |-~ for kinematic
kinematic range [m7, ¢;,qz) range: jz| < 1.

The form factor can be expanded as:

1
P(t)¢(t7 tO)

f(t) = > an(to)z(t, to)"

k=0

* P(¢) removes poles in [z, t+]

Bourrely at al (Nucl.Phys. B189 (1981) 157)
Boyd, Grinstein, Lebed (hep-ph/9412324,
PRL 95; hep-ph/9504235, PLB 95; hep-ph/
9508211, NPB 96; hep-ph/9705252, PRD 97)
Lellouch (arXiv:hep- ph/9509358, NPB 96)
Boyd & Savage (hep-ph/9702300, PRD 97)
Bourrely at al ( arXiv:0807.2722, PRD 09)

* The choice of outer function ¢ affects the unitarity bound on the ax.
* In practice, only first few terms in expansion are needed.
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4.5

4.0

3
107V |

3.5

30

Exclusive vs. inclusive |Ves| and [Vi)

A. Kronfeld (priv. communication)

B — Dy 1=
i Zero recoi ' |
B — Dly

' /épw

- _— V

v 1V, 1 (1atQCD + LHCb)
v I (1atQCD + BaBar + Belle)
IVCbI (1atQCD + BaBar + Belle)
IV, | (1atQCD + HFAG, w = 1)
p=0.19
sz =1

2
Ay =2
inclusive IbeI

~30 tension between inclusive
and exclusive V| and |V

35 36 37 38

A. El-Khadra

40 4
3
10 chbl

39

1

42

43

44

45

New in 2015:

¢ |[Vep| from B — DAy

 |Vip| from B — wlv

Vub/Vcb| from Ab — pEV/Ab — ACKV
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form factorsforB — nlv & V.,

264 25 20 15 10 5 0
| | | | | ]
I — RBC/UKQCD 2015
il f — FNAL/MILC 2015 (arXiv:1501.05373, PRD 2015)
1 -l 0 _
il FNAL/MILC (arXiv:1503.07839, PRD 2015)
N \\Q I
4
~
~
\ 1
™ . >

05—

2
(1I-q /'m,,) ,
q/my.) 1, |attice data

\\\
‘—

plot by R. Van de Water
I I I

1 | |
—(9.3 -0.2 -0.1 0 0.1 0.2 0.3

<

w FNAL/MILC & RBC form factors are in good agreement

w HPQCD (arXiv:1510.07446, PRD 2016): fo with physical light quarks at zero recoil
satisfies soft-pion theorem

w Note: two independent LQCD predictions for B; —K{v form factors

(HPQCD, arXiv:1406.2279, PRD 2014; RBC, arXiv:1501.05373, PRD 2015)
+ ongoing work by ALPHA (Banerjee, Koren @ Lattice 2016), FNAL/MILC, ...
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form factors for B — nlv & Vi

0.005 2(;.4 2]5 210 1]5 1{0 I5 ?
O BaBar untagged (2012)
O BaBar untagged (2011) (arXiv:1501.05373, PRD 2015)
0.004 |- 4 Belle tagged B’ (2013) | 7 |
b (1Y > Belle tagged B° (2013) FNAL/MILC (arXiv:1503.07839, PRD 2015)
ub (1-q mB*) f + Belle untagged (2011)
0.003+ - ; -
lattice data >
0.002 - = _#F - <1 ;‘[ z extrapolation - |Vub| =3.72 (16) 103
- ¢ " 58 Zb-

0.001

-

plot by R. Van de Water
0 | | |

0.3 -0.2 -0.1 0 0.1 0.2 0.3
A

w shape of f; agrees with experiment and uncertainties are commensurate
w fit lattice form factors together with experimental data to determine |V,,| and
obtain form factors (f: fo ) with improved precision...
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1.0

0.8

0.6

B(¢*)o(q*) f(a?)

0.4

0.2

form factors for B — nlv & Vi

FLAG2016

[ @

|
fo BCL fit
f+ BCL fit

f+ FNAL/MILC 15
f+ RBC/UKQCD 15
fo FNAL/MILC 15

S. Aoki et al (FLAG-3 review,

} f+ HPQCD 06
arXiv:1607.00299, 2017 EJPC)

fo RBC/UKQCD 15
BaBar untagged 12bin
BaBar untagged 6bin
Belle tagged 13bin
Belle untagged 13bin
Belle tagged 7bin

i, 4 ﬁ
R iiﬂﬁi%

S

-0.3 -0.

2 -0.1 0.0 0.1 0.2 0.3
z(qza topt)

w shape of f; agrees with experiment and uncertainties are commensurate
w fit lattice form factors together with experimental data to determine |V,,| and

A. El-Khadra

obtain form factors (f: fo ) with improved precision...

DM7v 2017, Nagoya, Japan, 27-28 March 2017

45



| fr ——
3t HPQCD 13 (LQCD) ——
Khodjamirian 10 (LCSR) ———
2.5
2t z extrapolation
< :
1.5} :
fr;
1 | 1
0.5 1 ' |attice
+ data
O 1 1 1 1 1
0 5 10 15 20

¢*(GeV?)

form factors for B — K ¢/

HPQCD (arXiv:1306.0434,
1306.2384, PRL 2013)

FNAL/MILC
(arXiv:1509.06235, PRD 2016)

w Two LQCD calculations (on overlapping ensemble sets, different valence actions):
HPQCD (NRQCD b + HISQ), FNAL/MILC (Fermilab » + asqtad)

w also consistent with LCSR (Khodjamarian et al, arxiv:1006.4945, JHEP 2010)
v Note: First LQCD calculation of Ay — A £ ¢~ form factors (10 total)

| fa ——
3 F fo /1
HPQCD 13 (LQCD) ——
95 | Khodjamirian 10 (LCSR) —=—
2 r z extrapolation
S} <
+ 1
15t E
f+i
1 B 1
0.5 P ' |attice
. | | | data
0 5 10 15 20
¢*(GeV?)
w consistent results for all three form factors
(see Meinel talk)
A. El-Khadra
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3 form factors tor B — 7 ¢4

(arXiv:1501.05373, PRD 2015)

FNAL/MILC (arxiv:1503.07839, PRD 2015) FNAL/MILC (arxiv:1507.01618, PRL 2015)
0.005— i | ! l 1 0.6 . . . . .
O BaBar untagged (2012) 9 9
0 BaBar untagged (2011) 05+ (1 — M£4.
0.004 |- < Belle tagged B’ (2013) | ( q / B ) fT
g 2 > Belle tagged B™ (2013) 0.4
[ IVubI (]'q /mB*)f+ ' Belle untagged (2011)
0.003 _ : I 03
lattice data >
0002 |- 3 I 2 extrapolation | 0.2
TS 0.1 lattice data ]
0.001+ 1 E o "'Eﬂ; “-;" ] 0 ! !
plot by R. Van de Watet ! ° v = =
0 1 | ! ' ! q? (GeV?)
0.3 0.2 -0.1 0 0.1 02 0.3

Z

v First LQCD calculation of fr by FNAL/MILC
w Take f: fo from combined fit of lattice form factors + experimental data for

dB(B —mtv)/dg?
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BSM phenomenology: LFU wu/e

Lepton universality test: B — Ku*pu~ /B — Kete™

——[HCb —=—BaBar ——Belle

& 25' S LH(ISb LHCD (arXiv:1406.6482, PRL 2014):
wF i 1 Rk =0.745(39)(36
| —
—
0.5F -
T T R R
g% [GeV?/c4

~2.6 0 tension between LHCb measurement and SM theory
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BSM phenomenology: LFU wu/e

D. Du et al (arXiv:1510.02349, PRD 2016)

T T T . T 4 T T T T T
200 | Standard Model |This work| s | Standard Model [This work| mmm
LHCb [PRL113,151601(2014)| —o—
= S LLE
< 0F — X Rﬂ. — ]_
| T
.-100 |
3 e
- 6 Q:
=200 | R'I;( —1 | T2y
-300
! - L L I I _4 ! L L L I
0 5! 10 15 20 25 0 5 10 15 20
¢*(GeV)? ¢*(GeV)?

~2.6 0 tension between LHCb measurement and SM theory

In the SM these ratios are insensitive to the form factors
(see also C. Bouchard et al, arXiv:1303.0434, PRL 2013)
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