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Semileptonic B decays

» Tree-level charged current decays
— Extract CKM matrix elements |V,;| and | V)
— Testing lepton flavor universality via R(D®*))

» Loop-level flavor changing neutral current decays
— b — sff anomalies

— Short- and long-distance contribution
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Semileptonic B decays

» Tree-level charged current decays
— Extract CKM matrix elements |V,;| and | V)
~ Testing lepton flavor universality via R(D*))

— Focus of this talk
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Motivation: semileptonic B decays FLAG2024

» Preferred determination of | V| and |V, 45
— Long standing 2 — 3¢ discrepancy between
exclusive and inclusive

— Preferred channels:

inclusive

D

el B — by, |VE|: B — D*y

|Vus| x 10°

36 38 40 42 44
3
[Vep| X 10 [FLAG 2024]
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http://flag.itp.unibe.ch/2024/Media?action=AttachFile&do=get&target=vub_vcb.pdf
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Motivation: semileptonic B decays

» Preferred determination of |V,;| and | V|
— Long standing 2 — 3¢ discrepancy between
exclusive and inclusive
— Preferred channels:
VE]: B — v, |V

— Least precisely known CKM matrix elements

Oliver Witzel (University of Siegen)
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Vud Vus
Vcd Vcs
th Vts

Vub
Vcb
Vib

0.97367(32) 0.22431(85) 0.00382(20)

= | 0.221(4) 0.975(6)  0.0411(12)
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[PDG, S. Navas et al. PRD110 (2024) 030001]

3/17


https://doi.org/10.1103/PhysRevD.110.030001
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Motivation: semileptonic B decays

» Preferred determination of |V,;| and V| 15 [ T T
|” | excluded area has CL > 0.95 7
— Long standing 2 — 30 discrepancy between
exclusive and inclusive o ]
— Preferred channels: sk g
\Wedll: B — mly, VS| B — D*tv
— Least precisely known CKM matrix elements I= oo
. . . 05 =

» Enter global CKM unitarity triangle fits F 1
— Testing the flavor sector of the SM -1oi ) g

[ sol. w/ cos 2B < 0 ]

- Summer 25 (excl. atCL>0.95) —

P LN RN AR AR A A A
-1.0 -0.5 0.0 0.5 1.0 15 2.0

p

[bttp://ckmfitter.in2p3.fr]|
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Motivation: semileptonic B decays

» Preferred determination of |V,;| and | V|

— Long standing 2 — 3¢ discrepancy between ~ O
exclusive and inclusive 8 A 68% CLcontours
o r CKM2025 Belle® ]
— Preferred channels: 0351 - -
\Wedll: B — mly, VS| B — D*tv L ]
. . C Belle” -
— Least precisely known CKM matrix elements 03 ° < \ S
L LHCH? Cba>
o . . 025 A
» Enter global CKM unitarity triangle fits t R —— — 7
— Testing the flavor sector of the SM [ Ermay supacin Bellell® ]
02 R(DY) = 025430005 R(D) = 0.358+ 0.024,,,4 —
[T $Locoracaa(ne= 2+1farR(D ) (:7) 0281*00“1 el T
u R(D) = 0.2938 + 0.00¢ [ 07 3 -
. . . . L . IR(D) OZSBZHJOOSI | I T T T N Pu( ):27/0 P
» Tension in lepton flavor universality 02 03 04 05 o
* R(D
pr/u _ BF(B— DM ru,)
() =
D BF(B — D™ puy,,) [HFLAV]
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Exclusive semileptonic decays with pseudoscalar final states

E} @ = M2 + M2 — 2MgE,

14

» Conventionally parametrized placing the B meson at rest
dl(B — wtv) _GE— (¢* — m2)?\/E2 — M2
dq? 2478 q*M3
experiment known

[(“ )MB(E2 M£>|f+(q2>|2+3”"v’(MB M2)2|f(q%)

nonperturbatlve input
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Exclusive semileptonic decays with pseudoscalar final states
E} @ = M2 + M2 — 2MgE,

14

YT

» Nonperturbative input
— Parametrizes interactions due to the (nonperturbative) strong force
— Use operator product expansion (OPE) to identify short distance contributions
— Calculate the flavor changing currents as point-like operators using lattice QCD

Oliver Witzel (University of Siegen) 4/17
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Lattice QCD

| | L g L g N
» Ab initio method to study nonperturbative phenomena
of the strong interaction ! ! ! !
» Systematically improvable uncertainties
» Discretize space-time and restrict to finite box (L/a)® x T /a » * * .
— Introduce finite value of the lattice spacing a T/a
» Wick-rotate to Euclidean time (t — iT) » » '
» Implement discretized QCD Lagrangian a
» Numerical calculations based on Feynman's path integral formalism ' |
» Stochastic procedure requiring stochastic data analysis
» Need experimental inputs to set lattice scale and quark masses . " " "
— Simulate at different values of lattice spacing and quark masses , V(%)
» Combine results to take continuum limit and inter-/extrapolate to L/a

physical quark masses

Oliver Witzel (University of Siegen) 5/17
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Example: hadron spectrum

» Different discretizations

— Gauge action (Wilson, Symanzik, .. .)
— Fermion action (Wilson, KS, DWF, ...

» Results agree after continuum limit

» Few quantities needed as input
e.g. My, fz, fx, Mp,, Mg,

» Numerous post- and predictions

» Well tested and established

» Subpercent level precision possible
— Simulate at physical pion mass

— Account for QED and isospin breaking

— Good control on all systematic effects
(finite volume, discretization, etc.)

Oliver Witzel (University of Siegen)
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» Hadron spectrum [Kronfeld ARNPS62(2012)265]

H_H_H H BB

BT T T T 1 1 L —
200 E
000 - e T B meson masses offset by 4000 MeV
—
1800 E
5o
1600 - " PP
1400 - -~— E
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Q1200 E
% o i
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oE e - E
600 - o E
ooda
400 E
200 = —
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T P K x 1 07 © 6 N A T = A y @ Q

» Data (inputs: open symbols)

[MILC PRD70(2004)094505] [MILC RMP82(2010)1349]

[PACS-CS PRD79(2009)034503] [BMW Science 322(2008)1224]
[QCDSF-UKQCD PRD84(2011)054509)]

[RBC-UKQCD PRL105(2010)241601]

[HadSpec PRD83(2011)111502] [UKQCD PRD86(2012)014504]
[FNAL-MILC PRD83(2011)034503] [HPQCD PRD83(2011)014506]
[M&hler, Woloshyn PRD84(2011)054505]
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https://doi.org/10.1146/annurev-nucl-102711-094942
https://doi.org/10.1103/PhysRevD.70.094505
https://doi.org/10.1103/RevModPhys.82.1349
https://doi.org/10.1103/PhysRevD.79.034503
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https://doi.org/10.1103/PhysRevD.83.034503
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https://doi.org/10.1103/PhysRevD.84.054505
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Charm and beauty on the lattice

» Quark masses

up ~ 0.002 GeV charm ~ 1.25 GeV top ~ 175 GeV

down ~ 0.005 GeV e strange ~ 0.095 GeV bottom

~ 4.2 GeV

» Lattice simulations have a cutoff a=!
— Fully relativistic quarks require am < 1i.e. m < a~}
- Typically a=! > 2 GeV = Mcharm < a7 < Mpottom
— Charm but in particular bottom quarks require special considerations

Oliver Witzel (University of Siegen) 7/17
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Simulating heavy flavors

» Traditionally: simulate charm and bottom using effective actions
— Heavy quark effective Theory (HQET), Non-Relativistic QCD,
Relativistic Heavy Quark (RHQ, Fermilab, Tsukuba)
— Allows to simulate charm and bottom quarks on coarser lattices
— Additional systematic uncertainties, partly perturbative renormalization, ...

— Few percent total errors

» State-of-the-art: fully relativistic simulations at a=! > 2 GeV
— Heavy Highly Improved Staggered Quarks (HISQ), Heavy Domain-Wall Fermions (DWF), ...
— Same action for light (up/down/strange) as for heavy (charm/bottom) quarks
~ Simulate heavier than charm and extrapolate
— Fully nonperturbative renormalization straight-forward, reduced systematic uncertainties
— Sub-percent precision feasible ~~ QED effects become relevant

Oliver Witzel (University of Siegen) 8/17
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Exclusive semileptonic decays with pseudoscalar final states

e} @ = M2 + M2 — 2MgE,
14 u E
b
.U/C/ to —t— taink

» Calculate hadronic matrix element for the flavor changing vector current V#
in terms of the form factors £, (g°) and f,(g?)

M2 g

2 __pM2 2 _
(r|Ve1B) = £.(q) (ph + ot — B q) + fo(?) M5,

Oliver Witzel (University of Siegen)
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Exclusive semileptonic decays with pseudoscalar final states
E} @ = M2 + M2 — 2MgE,
7 b

v u

AT

B

to —t— t

» Calculate hadronic matrix element for the flavor changing vector current V#
in terms of the form factors £, (g°) and f,(g?)

» On the lattice we prefer to compute 7, and f directly proportional to 3-point functions
— (x|V0|B)/v2Mg  and pl. = (x|VI|B)/\/2M5

and recover £, (g”) and fy(g*) from a linear combination

» Or, alternatively, use f; and f, with v = pg/MB motivated by HQET and related to 7, and

Oliver Witzel (University of Siegen)
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Lattice determination of form factors

» For a given set of simulation parameters (ensemble) calculate 3- and 2-point correlations functions

u/d
Ty . by
u/d u/d

0 —t= —t— L
» Appropriate ratios define “lattice” form factors [JLQCD Colquhoun et al. PRD 106 (2022) 054502]
» Calculate (non-)perturbative matching factors 008 I Vi =0l e 197
» Repeat measurements for different simulation - o ::iﬁ:iijﬂ:[

parameters (ensembles)  § Paa——e .

an(£) (e Bt MaT=0)

c

0.0 ‘
J R
”f?fffffruznnnkliﬁlil

0.00

0 5 10 15 20
t/a
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Lattice determination of form factors

» For a given set of simulation parameters (ensemble) calculate 3- and 2-point correlations functions

u
e T R =
U/ d a[d
0 ~t— —t— e
» Appropriate ratios define “lattice” form factors [JLQCD Colquhoun et al. PRD 106 (2022) 054502]
» Calculate (non-)perturbative matching factors " . 3 maem

3 mo=125'm,

» Repeat measurements for different simulation L5
parameters (ensembles)

» Perform a combined fit to extra-/interpolate to
physical quark masses and the continuum

3 = 4.35, M; = 500 MeV
0.0 0.2 0.4 0.6 0.8 1.0
E, [GeV]
Oliver Witzel (University of Siegen) 10/17
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Lattice determination of form factors

» For a given set of simulation parameters (ensemble) calculate 3- and 2-point correlations functions

Y
/d

u’/
u : r —= . b
u/d u/d
0 ~t— —t— e
» Appropriate ratios define “lattice” form factors [JLQCD Colquhoun et al. PRD 106 (2022) 054502]

» Calculate (non-)perturbative matching factors A Soomp -t —— e

20 v (amq)*

stat

» Repeat measurements for different simulation
parameters (ensembles)
» Perform a combined fit to extra-/interpolate to

physical quark masses and the continuum =

» Estimate systematic effects 100 02 04 0.6 08 10 1.2
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Challenge: covering full g* range
@ = M2+ M2

» Experiment typically more precise at low ¢,
—2MgE,

Lattice QCD much more precise at high ¢

— Need to inject more momentum (noisy)
» B — mlyv: q? ~ [m3,27] GeV?
— Study shape of the form factor

9]
F 3

u/d

» Kinematical z expansion
[Boyd, Grinstein, Lebed, PRL 74 (1995) 4603] [JLQCD Colquhoun et al. PRD 106 (2022) 054502]
[Bourrely, Caprini, Lellouch, PRD 79 (2009) 013008] O

10 3 (-¢/MBf,
— Exploit Kinematical constrain at g =0 o % gon
as well as unitarity constrains § i
0.6
» Joint fit with experimental data .| T

to extract |V, = (3.93 £0.41) - 1073 s

—0.3 —0.2 —0.1 0.0
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.74.4603
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.013008
https://doi.org/10.1103/PhysRevD.106.054502
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Shape of the form factors

[JLQCD Colquhoun et al. PRD 106 (2022) 054502]

RBC/UKQCD
Fermilab/MILC
. JLQCD

= RBC/UKQED
| Fermilab/MILC
0.7 mmm JLQCD

=

= 0.6
&

22 24 26

I8 20 22 24 26 18 20
¢ [Gev?)

g [GeV?Y
» Comparison for the simulated g2 range to Fermilab/MILC

and RBC/UKQCD [Fermilab/MILC Bailey et al. PRD92(2015)014024]
[RBC/UKQCD Flynn et al. PRD91(2015)074510]

— Some tension at high g2
— JLQCD fully relativistic setup

B — D*¢v
0000
¥
&

Summary

BaBar 2010
-4 BaBar 2012

Belle 2010

Belle 2013

All expts.

Excl. BaBar 2010
-8 JLQCD lattice only

-35 -30 -25 -20 -15 -10 -05
byt Ibg"

00 05 10

» Shape parameters of BCL z-fit
— Tension with BaBar 2010

— Fermilab/MILC and RBC/UKQCD use eff. action for b quark

— No calculation features physical pion masses

Oliver Witzel (University of Siegen)
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https://doi.org/10.1103/PhysRevD.106.054502
http://dx.doi.org/ 10.1103/PhysRevD.92.014024
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.074510
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Exclusive semileptonic decays with vector final state
K}q2 = M2 + M2, — 2MgEp-

14

AT

B D~

>
u/d
» Treat D* as QCD-stable particle (narrow-width approximation)
» Conventionally parametrized placing the B meson at rest in terms of

dlr'(B — D*tv)
dq?
experiment known  theory input
(nonperturbative)

= Ko- (g% me) - | F(q*)* - | Ve ”

Oliver Witzel (University of Siegen)
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Four form factors parametrize B — D*{v

» Determine the four form factors V/(g?), Ao(q?), A1(g?), A2(g?) (in relativistic notation)
by calculating hadronic matrix elements

2ietvPoer k,p
D*(k,e,)|V*|B =V(g?) v plo
(D (k2 )V B(p)) =V(4") =7

. u »2Mp-e*-q ,
(D*(k;2.,)|A*[B(p)) =Ao(q )7{72 q

+ Al(qQ)(MB + MD*) |:E*H - £ qu:|

P
g* . M2 — M2,
_AZ(qQ)MB-i-/\(ZID* {ku+pu_ ’ e ° N}

» Alternatively use HQE convention f(w), g(w), F1(w), Fa(w) with w = vp-vp

Oliver Witzel (University of Siegen)
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Three lattice calculations over the full g? range

» B— D*lv
FNAL/MILC 2021 [Bazavov et al. EPJC 82 (2022) 1141]
JLQCD 2023 [v. Aoki et al. PRD 109 (2024) 074503]

HPQCD 2023 [Harrison, Davies, PRD 109 (2024) 094515] =%
» Some tension in the shape of the form factors 0

— Limited range in w (FNAL/MILC, JLQCD)

— Slope not well enough constraint

— HQET ratios to be scrutinized

» Combined analysis [Bordone, Jiittner, EPJC 85 (2025) 129] '
Belle 2023 [Belle PRD 108 (2023) 012002]

Belle 1l 2023 [Belle 1l PRD 108 (2023) 092013]

Oliver Witzel (University of Siegen)
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20

A JLQep23
B HPQCD 23
A FNALMILC 21
combined fit “lat

combined fit “lat-texp
“lat” fit to JLQCD 23
“lat” fit to HPQCD 23

“lat” fit to FNALMILC 21

1.0 11 12 1.3 14 15



https://doi.org/10.1140/epjc/s10052-022-10984-9
https://doi.org/10.1103/PhysRevD.109.074503
https://arxiv.org/abs/2304.03137
https://doi.org/10.1140/epjc/s10052-025-13773-2
https://doi.org/10.1103/PhysRevD.108.012002
https://doi.org/10.1103/PhysRevD.108.092013
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Comparison of lattice data with HFLAV 24 (coone, siitner, £PiC 85 (2005 129]

» HFlav24: Belle 2023 [Belle PRD 108 (2023) 012002] 4+ Belle 11 2023 [Belle II PRD 108 (2023) 092013]

» JLQCD 2023

. 0.6
=
<
Z
S 0.4+ B exp data
E — lat fit
=== lat+exp fit
= 1
0.2 exp fit
—1 0 1

cos(fy)

T
o
o0

dl’/d cos(8,)/

cos(fy)

Oliver Witzel (University of Siegen)
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» FNAL/MILC2021 + HPQCD 2023

T
o
3

dr/d cos(0,)/

. 0.6
=
<
Z
S04 B exp data
E lat fit
=== lat+exp fit
<02 "
exp fit
—~1 0 1

cos(fy)

dr'/dy/T

16/17


https://doi.org/10.1140/epjc/s10052-025-13773-2
https://doi.org/10.1103/PhysRevD.108.012002
https://doi.org/10.1103/PhysRevD.108.092013

Motivation Summary

Summary

» Lattice QCD provides an ab-inito framework with systematically improvable uncertainties to
calculate non-perturbative inputs in terms of form factors, decay constants, bag parameters, ...

» New, fully relativistic simulations of charm and bottom quarks improve over old results
based on effective actions and allow for subpercent precision results
— Simulations with physical pions may in particular improve B — wlv

» Preliminary results for several semileptonic B,y decays have been reported at

Lattice conferences by Fermilab/MILC, HPQCD, JLQCD, RBC/UKQCD, ...
— Calculations unfortunately take multiple years

Oliver Witzel (University of Siegen) 17/17
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