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Heavy Flavors on the lattice

summary
|
» Quark manes

up ~ 0.002 GeV charm ~ 1.25 GeV
|

top ~ 175 GeV
\
\

\
down ~ X{.OOS GeV e strange ~ 0.095 GeV
\

bottom

~ 4.2 GeV
» Lattice simulations have a cutoff a~1

quarks require am < 1ie. m < a~!
— Typically a=! > 2 GeV = Mcharm

S a_l ,S Mpottom
— Charm but in particular bottom quarks require special considerations
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Simulating heavy flavors

» Traditionally: simulate charm and bottom using
— 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: 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 (Siegen University) 3/14
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Cabbibo-Kobayashi-Maskawa (CKM) matrix

» Beautiful are of course calculations allowing us to extract CKM matrix elements
— Combination of experimental measurement and theoretical prediction

Vud Vus Vub
Vcd Vcs Vcb
Vie Vis Vi
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Cabbibo-Kobayashi-Maskawa (CKM) matrix

» Beautiful are of course calculations allowing us to extract CKM matrix elements
— Combination of experimental measurement and theoretical prediction
» Lattice QCD prefers processes with at most a single hadronic final state

(Tl K=y B — wly
K—nmlv B, — Klv

D — (v Ds — 127 B(S) — D(s)gl/
D— nlv D— Klv B(S) — D(*5)€V

_Bd <~ Ed Bs < Es
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Cabbibo-Kobayashi-Maskawa (CKM) matrix

» Beautiful are of course calculations allowing us to extract CKM matrix elements
— Combination of experimental measurement and theoretical prediction
» Lattice QCD prefers processes with at most a single hadronic final state

Tty Kb A (biased) selection of highlight
> iased) selection of highlights
K—mlv B.— Klv Vo from B — 1y

- form Bs — DX lv
D—tv Ds— v B(s) — D EV s T/Cs from—>|eptonlc D(sy decays
D—mlv D— Klv B (s)

B, < Ed B, + Es » Talk by Aida El-Khadra [Saturday]
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Exclusive Semi-Leptonic Decays: Example B — ©lv

14
} ¢ = M2 + M2 — 2MgE,
1%

w

o
=

B S s
u/d

» Conventionally parametrized placing the B meson at rest

dr(B — wlv)  GR|Vis? (q? — m2)?\/EZ— M2

dq? 2473 q*M2
experiment CKM known
m% 2(F2 2 2\(2 3m§ 2 242 2\(2
X 1+27q2 Mg(E; — M2)|f(q7)]" + W(MB—MW) 1fo(q7)]

nonperturbative input
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Exclusive Semi-Leptonic Decays: Example B — ©lv

14
} ¢ = M2 + M2 — 2MgE,
1%

w

o
=

B S s
u/d

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

]|
o

(m|v#18) = £.(4%) (o5 + Pt — "2 )

q

M27M2
+h(q*)=E7—=q"

t sink
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Typlcal steps of the calculation (pioc taken from Fiynn et a1 PRD 01 (2015) 074510]

°
®

THirebesasls
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g o1, = 200 0)L. p=28%

7, = 2401 00)L, p=16%
00 vt B, = 22011 O)L, p= 9% g
= 2L, p=63%
. | | |

0 5 10 15 20
time slice

» Measure 2- and 3-pt for
functions an ensemble set

R

= stalistics
" chiral-continuum extrapolation

= lattice-scale uncertainty
= renormalization factor
= HQ discretization errors

LQ and gluon discretization errors
= other systomatics

18 20 2 2 2
¢ [Gev?]

» Obtain full error budget

Oliver Witzel (Siegen University)
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» Study systematic effects
e.g. source-sink separation

12 T T T T T 1
o
10 i E
= 32 BCL 2-fit (K=3 + constraints)
E 08 | [ BCL z-fit (K=4 + constraints) ]
5 os
5
Toaf ]
02 f ]

» Kinematical expansion
to cover full g® range

Xidot =139, p=14%

o o1 002 003 004
(Eq/Mg )

» Extrapolate to physical
masses and the continuum

1 101 BABAR 2012 (untagged) |
164 BABAR 2010 (untagged)
T2 o
2
S 10
®
x 8P
36
N H
T
g
< e
Xldo! =132, p=T%
0
0 s 10 15 20 2
7 16ev]

» Combine with experiment,
compare to other determinations
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FLAG average [FLAG 2021

8.0 FLAG2021 . - 80 FIAG2021 . o FIRG 2021
fo average fo BCL fit
BCL fit
7.0 & ﬁp&eﬁagé - 7.0 B ie fF'Q 06 m ¥
F1 FNAL/MILC 15 +—e— fe FNAL/MILC 15 e
6.0 [ f+ RBC/UKQCD 15 H4—f E 6.0 [ fr RBC/UKQCD 15 +—a—i |
fo FNAL/MILC 15 +e— fo FNAL/MILC 15 +e—
fo RBC/UKQCD 15 F—=— fo RBC/UKQCD 15 F=a—
—~ 50 F - — 5.0 [ BaBar untagged 12bin E|
S RS BaBar untagged 6bin —x—
a0 b { E 40 [ Belletagged 13bin —x— 1
T T Belle untagged 13bin +—v—1
2, a, Belle tagged 7bin —¢—i
30 [ E 30 | 5 E R
20 | g E! 20 F 1 § x B
10 | e o 10 | 5 P £ 1 o
= PR P
o= PR 2 e =
0.0 0.0
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7% [GeV?) 7% [GeV?] |Veo| x 103

» FLAG average: Fermilab/MILC [Bailey et al. PRD92(2015)014024], RBC/UKQCD [Flynn et al. PRD 91 (2015) 074510]
— Shown in addition HPQCD [Dalgic et al. PRD73(2006)074502][PRD75(2007)119906]
» Used effective actions only allowed determinations of form factors at large g2

» Combined fit with experimental data gives | V|
[BaBar PRD 83 (2011) 032007][PRD 86 (2012) 092004] [Belle PRD 83 (2011) 071101][PRD 88 (2013) 032005]

» Shape of lattice data consistent with experimental data
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New in 2022: JLQCD [Colquhoun et al. PRD 106 (2022) 054502]
0.08 VO mom = 000, mg = 1.25%m,
. ¥ VO mom =001, mg = 1.25°m,
» Unitary setup T Vo — 011, mg — 125%m,
I VOmom = 111, mg = 1.25°m,

— MDWEF light/strange and heavy quarks

LI 1 S PP

with am. < amg < 2.44 - am.

— Additional extrapolation in the heavy quark mass E P e
i 2 : 7I s B S 3
to reach my ST Uliﬂﬁﬁ
. . 0.00 . - : =
— Fully nonperturbative renormalization 0 E R 20 2
2.0
& mo=m
2~ 0.044 fm, 0.055 fm, 0.080 fm 3 i

» M, = 230 MeV

~

3 =4.35, M = 500 MeV
0.0 02 04 0.6 08 1.0
Oliver Witzel (Siegen University) By [GeV] 8/14
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New in 2022: JLQCD [Colquhoun et al. PRD 106 (2022) 054502]

— ymy -
2 M)

» Unitary setup
— MDWEF light/strange and heavy quarks
with am. < amg <2.44 - am.

uncertainty %

— Additional extrapolation in the heavy quark mass

to reach my
—-10

— gt

(amg)!

—— tot syst

stat

— Fully nonperturbative renormalization 0002

1.0 %

» 2~ 0.044 fm, 0.055 fm, 0.080 fm

0.8

» M, 2 230 MeV 3
0.6

» Comparable stat. and sys. errors o4 i 4

— Total errors: £, ~ 10%, fy ~ 6%

3 (L—¢* /MBS
o

—03 —0.2 —0.1
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New in 2022: JLQCD [Colquhoun et al. PRD 106 (2022) 054502]

6
" JLQCD —_—
0]l Fermilab/MILC —— !
T ] . RBC/UKQCD :
HPQCD e
Ay = plv|  ——a—— -2
| BaBar 2010
FLAG average —_— -4 ] BaBar 2012
1 Belle 2010
HFLAV excl -6 ' i:":xifsm
HFLAV incl e ———T ] [y
300 325 350 IVZTII L0125 450 e S e A
- D T T OO T
» Joint fit to determine | V| » Updates from other collaborations  » Shape parameters of BCL z-fit
= |V =(3.934+0.41) - 1073 expected relatively soon — Tension with BaBar 2010

— Looking forward to
new data from Belle Il
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Exclusive Semi-Leptonic Decays: Example B, — D}{v
2ielvP e} kypo
Mg, + Mp:
2Mp:e* - q u
72
+ A1(¢%)(Ms, + Mp:) {s*” -

(D (k,.)V*|Bs(p)) =V (q?)

(D (k,,)|A"|Bs(p)) =Ao(q%)

7
e*-q

AT i

kN_,_pH_

» Determine the four form factors V(q?), Ao(g?), A1(g?), A2(g?)

or in HQE convention hy(w), ha,(w), ha,(w), ha,(w)
» Narrow-width approximation i.e. D} is treated as a QCD-stable particle
» Proxy for B — D*{v (only spectator quark differs)

Oliver Witzel (Siegen University) 9/14
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HPQCD BS — D:EV [Judd, Davies PRD105(2022).094506]

0.4
a\amh 0.427 0.500 0.525 0.650 0.725 0.800
0.08787 3 A

02 0.0884 g K A
0.0592 —— -~ —%—
0.0441 A —— —A—

00 -2 0 2 6 8 10

Oliver Witzel (Siegen University)
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» All-HISQ setup
— Fully non-perturbative renormalization
— Simulate heavier-than-charm — close-to-bottom
— Directly cover most of the allowed g° range
at the finest lattice spacing
~ Parametrize pole mass for different charm masses

» B— D*lv
— Fermilab/MILC [Bazavov et al. EPJC 82(2022)1141]
— JLQCD [Kaneko et al. PoS Lattice2021 (2022) 561]
— LANL/SWME [Jang et al. PoS Lattice2019 (2020) 056]
— HPQCD [Harrison Talk Barolo 2022
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HPQCD BS — D;%V [Judd, Davies PRD105(2022).094506]
3.5 -
E——— » All-HISQ setup
#== HPQCD, binned — Fully non-perturbative renormalization
—— LHCb . .
30 — Simulate heavier-than-charm — close-to-bottom
= — Directly cover most of the allowed g° range
g,“ at the finest lattice spacing
1 ~ Parametrize pole mass for different charm masses
S 90
=

v

» Combination with LHCb [LHCb JHEP12(2020)144]
= | V|88 = 42.7(1.5)1at(1.7)exp(0.4)em x 1073
- |Vcb|EXL°,'“ = 41.6(1.5)12t(1.6)exp(0-4)em X 103

» PDG 2022 | V| = 39.4(0.8) x 10~3

L0 I 12 13 14 | Vep|ineh = 42.2(0.8) x 1073
v [PDG, Workman et al. PTEP (2022) 083C01]

0.5
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Extracting |V.y and | V.| from leptonic decays

» Branching fractions of leptonic decay modes well measured
— DT: CLEO-c, BESIII
- Dj: CLEO-c, BaBar, Belle, BESIII

» Allows to infer forg=d, s

» Calculating on the lattice gets us the CKM matrix elements
— Only simple 2-pt functions needed

W+ ot
¢ O
Df —/=—"—
7

Oliver Witzel (Siegen University)
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Lattice calculations of fp and fp,

» Consistent determinations by many groups [FLAG 2021]
2+1+1 flavor: fp =212.0(0.7) MeV

fp = 249.0(0.5) MeV
[Fermilab/MILC PRD 98 (2018) 074512] [ETMC PRD 91 (2015) 054507]

Bs
[e)ele)

*
> DS Lv

= |Vea| = 0.2179(7)(57) and | V| = 0.983(2)(18)

» Impressive sup-percent precision by Fermilab/MILC
[Bazavov et al. PRD 98 (2018) 074512]

» Exploiting full power of 24+-1+1 flavor HISQ ensembles
— 6 different lattice spacings with physical quark masses

Oliver Witzel (Siegen University)
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Summary

» B — wlv
— Consistent determinations of |V, from different lattice collaborations
— New calculation by JLQCD with larger errors
— Puzzling tension between | V| and | V|
— Desirable: calculation with physical light quarks to largely eliminate chiral extrapolation
~ New development: |V,,|" using lattice QCD see e.g. [Kellermann et al. PoS Lattice2022 (2023) 414]

> B(s) — D(*S)él/
— Finally lattice calculations over the full g® range for decays with vector final state
— More calculations underway

| 4 fD and st
— Sub-percent level precision ~ desirable to see more results at that level of precision
— Precise experimental measurements of B(t) leptonic branching fraction highly desirable

Oliver Witzel (Siegen University) 13/14


https://doi.org/10.22323/1.430.0414

introduction
[e]e]e}

Charming views

Oliver Witzel (Siegen University)

B — mwlv
00000

Bs — DX tv
000

The 11th International
Workshop on Charm Physics

July 17-21, 2023

-~ CHARM 2023

Siegen, Germany

Horsaalzentrum am Unteren Schioss

+ Charm facilities - Status and future

- Charmed meson and baryon spectroscopy

Albrecht (TU Dortmund) - A. Lenz (Chair, U Siegen)
Bernlochner (UBonn) - E. Malami (U Siegen)

ingfelder (U Bonn) - D. Mitzel (TU Dortmund)

. ; * A. Ergiizel (Secretary) * S. Neubert (U Bonn)
] + N. Gubernari (U Siegen) - T. Tong (U Siegen)

. of charm and - G. Hiller - 0. Witzel (U Siegen)

+ Hidden and open charm in media International Advisory Committee

- Lit i * N. Brambilla (TU Munich) * R. Mitchell (Indiana U)
"""""'a""’”"‘;"‘c;"‘”m’l'“w from decays 1)’ Carbone (U Bologna) - M. Nakao (KEK Tsukuba)
(ST S S - M. Fontana (CNRS) « C. Parkes (U Manchester)

* Leptonic, semileptonic rare charm decays ~ * M. )| K.
(including form factors, BSM models, LFV)  * C: Gébel (PUC Rio) 2 EetioyUS0)

Pich (Valencia U)
* Rare charm decays to photons, neutrinos P. Roig (Cir

and invisibles (dark photons, axions)
* Hadronic charm decays and CP-violation

- D mixing

- Tau lepton physics
« Averages for HFLAV and PDG

e

@ Neartr o
PR Fpses
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R. Vogt (LLNL & UC Davis)
U. Wiedner (U Bochum)
G. Wilkinson (U Oxford)

+ B. Yabsley (U Sydney)
Libby (I Madras) + Y. Zheng (UCAS Beijing)

Website ks ]
https://indico.tp.nt.uni-siegen.de/event/1/

Universitéat dortmund
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