Status of exclusive (heavy-light) decays

(Justus) Tobias Tsang

j.t.tsang@cern.ch

Lattice@CERN 2024, Geneva, CH

16 July 2024

<



mailto:j.t.tsang@cern.ch

Outline

@ Introduction and Status

9 An overlooked systematic? [;TT, RBC/UKQCD'23: 2303.11280, Flynn, Jiittner, JTT: 2303.11285]
© Suggestion of benchmark quantities prT, pela Morte: 2310.02705]

e A preview: Reducing discretisation effects 7T, Rec/UKQCD: 2407.xx%XX]

© Conclusions

1/34 J. Tobias Tsang (CERN) Status of exclusive (heavy-light) decays



b-decays as “sweet spot” for experiments

Properties of b-decays rpe20]
1. mp(mp) = 4.18(3) GeV > m(mc) = 1.27(2) GeV > mg, m,, my
— many different decay products
2. b hadrons have relatively long lifetime of 7, ~ 10725 (1, ~ 10~%%s)
— b hadronises and b-jets travel some distance before decaying
— but not far enough to escape the detector
— allows for b—tagging

= Plethora of accessible decay channels for hadrons with b-quarks

v

Distinguish two categories:

Charged currents Flavour changing neutral currents
@ Present at tree level in the SM @ Only at loop level in the SM
eg. B = Dy, eg. B— K(ti~
= Precision tests of the SM = Sensitive to NP searches
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b-physics experiments

top: LHCb at LHC, CERN
left: Belle Il at SuperKEKb, KEK
= Huge experimental efforts!
+ BES-III and other LHC experiments
= B-factory vs hadron machine
Very complementary
e “Old” data from BaBar, Belle, Cleo, ...
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CKM: Relating experiment and theory

@ Experiment measures differential decay rates, mass differences,
branching fractions, ...,

@ In the SM predictions are parameterised as a sum of products between
known /calculable coefficients and low energy matrix elements.

For example for tree-level PS — PS decays:

dI'(B(S) — Pﬁl/g)

dg? - |qu|21C

2
(1 i 2’”;) ()| + Kam2| ()

Knowledge of | V| depends on
@ precision of experimental data
@ precision of non-perturbative form factors

Many decays constrain the same V. For example (¢ € {e, 1, 7})
|Vub|: B — ng, B — 7T€Vg, BS — Kfl/g, Ab — pfl/g,
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my perception from 2020 (Anomalies meeting, Hyderabad)

Semileptonic decays: form factors, PS vs V

Note: Pseudoscalars (PS) are QCD-stable, Vectors (V) are QCD-unstable

v/ Pseudoscalar to pseudoscalar at tree-level
e 2 form factors: fi and fy

(V) Pseudoscalar to pseudoscalar at loop-level (“rare decays”)

e 3 form factors: fi, fo and fr
o Fewer results than at tree-level

(X) Pseudoscalar to vector at tree-level
o 4 form factors: V, Ag, A1, A
e 1 — 2 transitions (e.g. D* — D7) understood on the lattice, but more
involved and technical
o In current studies V are treated as QCD-stable .

X Pseudoscalar to vector at loop-level (“rare decays”)
o 7 form factors: V, Ay, A1, Ay, T1, To, T3
o Single unquenched result for B — K*¢t(~, By — ¢f+{~ treating V as
stable [PrD89 094501 (2014)]

J Tobias Tsang (CP3-Origins, SDU) Results and challenges in the Bs)-sector from lattice QCD

What is the status now?



What is the status of V,, and V7 Let's look at FLAG!

FLAG2023

B-D"lv

B - Div inclusive

Vaol x 10°

Bs— Dty

40 42 44
[Vep| x 103
Consistency between different
determinations v(or is it?!)
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What is the status of V,, and V7 Let's look at FLAG!

: nt!
FIAG2023 B — Tv: good agreement v/
Ap — p: Only a single result v/(?)
4.5 B-D"I
B - Dlv inclusive
4] B-T1v ]
= -~ N
—
X
3
=35
3,

Bs— Dty

36 38 40 42 44
[Vep| % 103
Consistency between different
determinations v(or is it?!)

J. Tobias Tsang (CERN) Status of exclusive (heavy-light) decays



What is the status of V,, and V7 Let's look at FLAG!

FIAG2023
4.51
4l B-tv

B-D"lv
B - Dlv

inclusive

|Vub| X 103

Bs— Dty

38 40 42

[Vep| x 103

Consistency between different

determinations

v (or is it?!)

44

(CERN)

B — tv: good agreement! v/
Ap — p: Only a single result v/(?)
B — mlv: p~2x1072 X

Y. Aoki et al FLAG Review 2021

2111.09849
Bom(Ny=2+1)
Contral Values Correlation Matrix

af | 0.423(21) 1 -0.00466 -0.0749 0402 0.0920

af | 0507 (93) | -0.00466 1 0498 -0.0556  0.659

af | 075 (34) | -0.0749 0498 1 0152 0.677

af) 0.561 (24) 0402 -0.0556  -0.152 1 -0.548

o) 142(11) | 00920 0659 0677 0548 1

Table 46: Cocfficients and correlation matrix for the N* = N = 3 z-expansion fit of the
B — 7 form factors f. and fy. The coefficient aJ is fixed by the fi(¢> = 0) = fo(q® = 0)
constraint. The chi-square per degree of freedom is x?/dof = 43.6/12 and the errors on the
2-parameters have been rescaled by \/x2/dof
fit are taken from FNAL/MILC 15
parameterizations are defined in Liq

L9, The lattice caleulations that enter this
. RBC/UKQCD 15 [59] and JLQCD 22 [60]. The
and (531)
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What is the status of V,, and V7 Let's look at FLAG!

- |
562023 B — Tv: good ag.reement. v
Ap — p: Only a single result v/(?)
] ~D" . -5
43 1 BD—fBlv inclusive B — mlv: p~ 2x10 X

] Bs = Ktv: p~7x107% x

(I counted 7 fit parameters and 19 datapoints = 12 dof's)

B - TV Y. Aoki et al FLAG Review 2021 2111.09849

s -

S o |

— By K (Ny=2+1)

X Central Values Correlation Matrix

= @ | 0370l I 02781 —03169 —0.3576 0.6130 03121 0.2826

§ af —0.68(10; L 0.3672 0.1117 04733 0.8487 0.8141

> i

- a 0.55(48) 03672 1 08195 0 06614 0.6838
ai‘ 2.11(83) 76 01117 0.8195 L 0.2350  0.4482  0.4877
af | 0.234(10) 04733 03323 02350 L 06544 05189
u‘,’ 0.135(86) 08487 0.6614 0.4482  0.6544 1. 0.9440
& | 020035) 08141 06838 04877 05189 09440 1.

Bs— Dty

Table 48: Coelficients and correlation matrix for the N* = N = 4 z-expansion of the

B, =+ K form factors fi and fo. The coefficient. af i d by the f4(¢? = 0) = fo(g® = 0)
1 l\\? . ] . . constrain. The chi-square per degree of freedom is y2/dof — 3.82 and the errors on the
36 38 40 42 44 z-parameters have been rescaled by \/X2/dof = 1.95

[Vep| x 103

Consistency between different
determinations v(or is it?!)
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What is the status of V,, and V7 Let's look at FLAG!

FTAG2023
4.5] B-D"lv
B - DLy inclusive
B-T1v

I

|Vub| X 103

36 38 40 42 44
[Vep| % 103
Consistency between different

determinations v(or is it?!)

J. Tobias Tsang (CERN)

B — tv: good agreement! v/

Ap — p: Only a single result v/(?)
B — mlv: p~2x1072 X

Bs = Ktv: p~T7x107% x
[Vup| (B — 7): p~3x107° X

Y. Aoki et al. FLAG Review 2021 2111.09849

B wlv (Ny=2+1)

Central Values Correlation Matrix
[V, % 10% 1 -0812 <0108 0128 -0.326  -0.151
ay -0.812 1 -0.188  -0.309  0.409  0.00926
af —0.441 (39) -0.108  -0.188 1 -0.498 -0.0343  0.150
ay —0.52 (13) | 0.128  -0.309  -0.498 1 -0.190  0.128
af) 0.560 (17) | -0.326  0.409  -0.0343 -0.190 1 -0.772
af —1.346 (53) | -0.151 0.00926 0.150  0.128 -0.772 1

The lattice calculations that enter this fit a
>/ 5] and JLQCD [60]. The experimental input
and Belle [163, 164].

« axe taken from BaBar [161, mz]
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What is the status of V,, and V7 Let's look at FLAG!

B — tv: good agreement! v/

Ap — p: Only a single result v/(?)

431 B_)BD—?BZV inclusive B — mtv. p~ 2 x 1075 X

] Bs = Ktv: p~T7x107% x

B—Tw |Vip| (B = 7): p~3x107° X
B " B — Ktl: p ~0.046 (V)

(does not include HPQCD'23 Nf = 2 4+ 1 + 1 yet)
(I counted 8 fit parameters and 18 datapoints = 10 dof’s)
Y. Aoki et al. FLAG Review 2021 2111.09849

FLAG2023

I

|Vub| X 103

B K (Np=2+1)

Central Values Correlation Matrix

nm 0.471 (14) 1 0.513 3 0594 0613 0.118

37 ILT 0.74 (16) 0.513 1 0.966  0.212 0.263

B. - DMy af | 032(71) | 0.a28 0668 0.768 -0.104 0.0440 0.187

ay 0.301 (10) 0.773  0.795 0.864  0.393 0.200

S s (}

1 l\\? . | . . o 040 (15) | 0.594  0.966 10235 0.253

36 38 40 42 44 u% 0.455 (21) 0.613 2 2] 1 0.608

T —1.00( .267 0.711 1 0.903

3 of 100 (31) | o
| VCbl X 10 u:{ -0.9 (l JS) 0.118 0263 0.187 0.608  0.903 1
1 1 Table 51: Coefficients and correlation matrix for the N+ = N0 = N = 3 z-expansion of the
Consisten cy between different B -5 K form factors £, fo and fp. The coefficient a is fixed by the £4 (s fola® = 0)
- - - - constraint. The chi-square per degree of freedom is ,\", ‘dof = 1.86 and the errors on the
determinations v(or is it?!) SR e
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What is the status of V,, and V7 Let's look at FLAG!

FTAG2023
4.5] B-D"lv
B - DLy inclusive
B-T1v

I

|Vub| X 103

36 38 40 42 44
[Veo| % 103

Consistency between different
determinations v(or is it?!)

J. Tobias Tsang (CERN)

B — tv: good agreement! v/

Ap — p: Only a single result v/(?)
B — mlv: p~2x1072 X

Bs = Ktv: p~T7x107% x
[Vup| (B — 7): p~3x107° X
B — Ktt: p ~0.046 (V)

(does not include HPQCD'23 Nf = 2 4+ 1 + 1 yet)
(I counted 8 fit parameters and 18 datapoints = 10 dof’s)

Y. Aoki et al. FLAG Review 2021 2111.09849
B K (Np=2+1)
Central Values Correlation Matrix
ay | 0471 (14) I 0513 0428 0773 0594 0613 0267 0.118
af 0.74(16) | 0513 1 0.668 0795 0966 0212 0396 0263

aj 0.32 (71) 0.128  0.668 1 0.632 0.768 -0.104 0.0440 0.187

a | 0301(10) |0.773 0795 0632 1 0864 0.393 0.200

af 040 (15) | 0.594 0966 0.768 0864 1 0.235 0333 0253

af | 0.455(21) | 0613 0212 -0.104 0393 0.23 10711 0.608

af | =100 (31) | 0267 0396 0.0440 0.244 0.711 10903

al | -09(13) | 0.18 0263 0187  0.200 0.608 0903 1
Table 51: Coefficients and correlation matrix for the N+ = N = N xpansion of the

Jo and fr. The coefficient af is fixed by the £, (¢

= folg* =0)
square per degree of freedom is x?/dof — 1.86 and the errors on the
<-parameters have been rescaled by /X?/dof = 1.36.

We need to scrutinise this!
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Example: Literature of B — 7 results

B—mly . 050 B—omlv
Ll FNALMILC15 H —— FNALMILCI5
---- JLQCD22 L 0.55] |+ *++ JLQCD22
- - - RBCUKQCD15 ,"'] - - - RBCUKQCD15
I HPQCD16 L0

18 19 20 21 22 23 24 25 26 18 19 20 21 22 23 24 25 26
¢* [GeV?) ¢*[GeV?]
Fig. 3 Comparison plot of recent results for B — 7 form factors from Refs. [71-73]. The individual data point

HPQCD16 [74] stems from a Ny = 2+ 1+ 1 calculation, but only provides as results fo(g2,ax)-

[JTT and Della Morte: 2310.02705]

Form factors are shown for the range of available data
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Challenges in computing fx(q?): example B — wlv

Yoo-p-n, @t =pg—pr
oS L o Mg~ 5.28GeV, M, ~ 0.14 GeV
Blei) () e Semileptonic region g2 € [0, g2,..]
! o ¢2. = (Mg — M,)? ~ 26.4 GeV?

@ physical kinematics in the B rest-frame: ¢°> = 0 < |p7T]2 = 6.96 GeV?

@ Assuming ML = 4 and physical pion masses implies:

= final state momentum of p, = 2T7r(7,7,7) to reach g ~ 0.

@ typical simulations cannot achieve (i.e. control) this
= compromise in at least one of the following:
o M, > MP"s (= need chiral extrapolation)

o Mg < /\/Ighys (= need heavy quark mass extrapolation)
o g2, > 0 (= need kinematic extrapolation)
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How to simulate the b-quark?

mp/ Mz ~ 30 and we want to be “far” away from IR and UV cut-offs.

= Need to simultaneously satisfy: (amp)~! > 1, ML > 4

= (amp) "ML > 4, so we require L/a > 120 (for multiple choices of a!)
Currently computationally impossible at physical quark masses!

Effective action for b Relativistic action for b

] .
o Can tune to m, ~ mb™* @ Theoretically cleaner and
. 5 systematically improvable
@ comes with systematic errors Y y Imp
. h
which are hard to e m, < mp ™" control

estimate/reduce extrapolation to mp™®

(NRQCD, Fermilab, RHQ,...) ) (HISQ, DWF, TM, Wilson,...)

@ relativistic will win in the long term
o for now, settle on a compromise.

o different systematics but should produce complementary results
(= reminiscent of (light) fermion discretisations...)
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From approximations to the physical world

Extrapolations are based on theoretical foundations...

o ME™* (chiral) extrapolation guided by heavy meson chiral
perturbation theory (HMxPT)

° I\/Ighys (heavy quark) extrapolation guided by heavy quark effective
theory (HQET) [= Simon's talk before lunch]
e g? = 0 (kinematic) extrapolation guided by model independent
Z-expa nsion (BGL) [or (w — 1) for heavy to heavy = yesterday]
e Physical g? dependence can be mapped to interval
2(q?) € [~ Zmax, Zmax] With 0 < zyay < 1
o BGL expansion: fx(z) = g5 >_; aiz', unitarity bounds lal? < 1.
@ a — 0 (continuum limit) extrapolation guided by Symanzik effective
theory [= Rainer’s discussion session this afternoon]
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From approximations to the physical world

Extrapolations are based on theoretical foundations...

o ME™* (chiral) extrapolation guided by heavy meson chiral
perturbation theory (HMxPT)

° I\/Ighys (heavy quark) extrapolation guided by heavy quark effective
theory (HQET) [= Simon's talk before lunch]
e g? = 0 (kinematic) extrapolation guided by model independent
Z-expa nsion (BGL) [or (w — 1) for heavy to heavy = yesterday]
e Physical g? dependence can be mapped to interval
2(q?) € [~ Zmax, Zmax] With 0 < zyay < 1
o BGL expansion: fx(z) = g5 >_; aiz', unitarity bounds lal? < 1.
@ a — 0 (continuum limit) extrapolation guided by Symanzik effective
theory [= Rainer’s discussion session this afternoon]
... but they are intertwined and difficult
and all of them come with systematic uncertainties - are they
controlled?
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FLAG's summary of B, — K

06 FEEG2023 35 FIAG2023
T T T T - .
fo average fo average
[ average [ average
if £+ HPQCD 14 8 3.0 HPQCD 14 +=— ii
05 [2F f+ RBC/UKQCD 23 +—a— Fr RBC/UKQCD 23 A -
FNAL/MILC 1o e I FNAL/MILC T
_ s o 25 o 1
& fo RBC/UKQCD % Er RBC/UKQCD % e
> 04 [ o FNAL/MILC 19 +o— ] = Jo FNAL/MILC 19 +o0—
3 ﬁ T 20 | # E
o <
< E T [ §
= : 15 F E
Q03 - H a,
2 . ) £ 10 [ - ﬁ;
g
02 {© g 3 - = Zo
05 F © B
=%
0.1 L L L L Il Il Il Il Il 0.0 L L L Il
020 -015 -0.10 -0.05 000 005 010 015 0.20 0 5 10 15 20
2(¢%, topt) 7 [GeV?]

o f, looks fine, fy shows some tensions
@ Most experimental data obtained for £ € {e, u}, so my ~ 0 and recall:

dF(B(S) — P@l/g) . |Vb|2IC (1
= Vaq

m? 2 2
» + o )@ + Kamd ()|

Does that mean V,;, should be fine?
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FLAG's summary of B, — K

B(g®) 1775 (¢%)

FLAG2023
T T T T
fo average
[y average
i f f4 HPQCD 14 +—=—
iy f+ RBC/UKQCD 23 +—a—
FNAL/MILC lo et
s HPQCD 14 0
fo RBC/UKQCD %
L ﬁ Jo FNAL/MILC 19 o—f
5 z %
ol 2 ol 5 1
Il Il Il Il Il Il Il Il Il

-020 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20

(6% topt)

FBK (g2)

35 FLAG2023
fo average
. average
3.0 f+ HPQCD 14 = fi
F 7 RBC/UKQCD 23 4 <
7+ FNAL/MILC 1o et
25 F o B
fo RBC/UKQCD % e
fo FNAL/MILC 19 —O—i
20 F E
‘i
15 | E
10 -
o)
zo
05 [ © B
el
0.0 L L L L
0 5 10 15 20
7 [Gev?]

o f, looks fine, fy shows some tensions

@ Most experimental data obtained for £ € {e, u}, so my ~ 0 and recall:

@ kinematic extrapolation (z-expansion) stabilised by kinematic

11/34

dF(B(S) — Pgl/g)
dg?

Does that mean V,;, should be fine? X

= |Vpl K (H)m )| + Kam|fo(?)|

constraint fp(0) = £(0), so fy does impact CKM determinations!

J. Tobias Tsang (CERN)
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Example of a calculation (and systematics): B, — K

PHYSICAL REVIEW D 107, 114512 (2023)

Exclusive semileptonic B, — KZv decays on the lattice

R.C. Hill

J.M. Flynn A. Jiittner®,"**! A, Soni,*¥ L.T. Tsang®."" and O. Witzelo®!

(RBC/UKQCD)

'Physics and Astronomy, University of Southampton, Southampion SO17 1BJ, United Kingdom
STAG Research Centre, University of Southampton, Southampton SO17 1BJ, United Kingdom
*School of Physics and Astronomy, University of Edinburgh, Edinburgh EH9 3FD, United Kingdom
“Theoretical Physics Department, CERN, Geneva, Switzerland
Physics Department, Brookhaven National Laboratory, Upton, New York 11973, USA
Center for Particle Physics Siegen, Theoretische Physik 1, Naturwissenschaftlich-Technische Fakultat,
Universitit Siegen, 57068 Siegen, Germany

® (Received 2 April 2023; accepted 25 May 2023; published 16 June 2023)

Semileptonic B, — K¢v decays provide an altemative b-decay channel to determine the Cabibbo-
Kobayashi-Maskawa (CKM) matrix element |V,;| and to obtain a R-ratio to investigate lepton-flavor-
universality violations. Results for the CKM matrix element may also shed light on the discrepancies seen
between analyses of inclusive or exclusive decays. We calculate the decay form factors using lattice QCD
with domain-wall light quarks and a relativistic b-quark. We analyze data at three lattice spacings with
es down to 268 MeV. Our numerical results are interpolated/extrapolated to physical
nd £y(g?) with full
error budgets at ¢ values spanning the range accessible in our simulations. We provide a possible
explanation of tensions found between results for the form factor from different lattice collaborations

lodel- and truncation-independent z-parametrization fits following a recently proposed Bayesian-
inference approach extend our results to the entire allowed kinematic range. Our results can be combined
with experimental measurements of B, — D, and B, — K semileptonic decays to determine

nd to the continuum to obtain the vector and scalar form factors £, (¢2)

|V, = 3.8(6) x 107, The error is currently dominated by experiment. We compute differential branching
fractions and two types of R ratios, the one commonly used as well as a variant better suited o test lepton-
flavor universality.

@ light and strange: domain wall fermions
@ bottom: relativistic heavy quarks
e M, 2 270 MeV, 3 lattice spacings
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Choice of ff basis: (fy, fy) vs (f, f1)

@ Interested in matrix elements of the vector current (Bs| V¥ |K)

@ Can be decomposed as
<K’V“|Bs> = \/2/\/755 [V'ufH(EK) + pifJ_(EK)]

o trivially related to f, fp via

B0 = o (M, — E)f(Ex) + (EF — M)A (Ex)]
Bs K
fi(q?) = S [fi1(Ex) + (Ms, — Ex)fL(Ek)]

/2Mp,

= Convenient: V), vs V; to isolate f“ and f| from correlators
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O(a) improvement and renormalisation

@ Mixed action current (DWF-RHQ) so no automatic
O(a)-improvement. Done via 1-loop computation of improvement
operators 4+ non-perturbative operator insertions

@ “Mostly non-perturbative” renormalisation:

o Z!' and Z!" computed non-perturbatively
th ~ bl
o Zlh~ phl\/ZI Zbh
e p computed at one loop
e Expect residual discretisation effects of size: (al)?, (ap)?, asamy,

(amq)2 (the first two enter the chiral-continuum limit fit, the last two are small)
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Correlation function fits

@ jointly fitting two point

functions and ratios
which converge to
desired matrix elements

= o frequentist fit

e jointly fit multiple
momenta (imposing

tE3 lattice dispersion

relation)

5 10 15 20 25
t/a

M, ~ 270MeV,a~! ~ 2.8GeV

15 /34 J. Tobias Tsang (CERN)

single source-sink sep.,
fit inc. excited states

@ thinned data (to stabilise
covariance matrix)

Status of exclusive (heavy-light) decays



Extrapolation: lattice — real world

Parameterise chiral, kinematic and discretisation effects via HMyPT:

A
AT B S A
. 1+(Sf(/w;)—<$f(/w,'i) e AM?
X0 (47f,)2 X1TA2
+Cxo—H A —i—Cx3/\2 + cx.a(ah)

o Ax: relevant pole mass

@ 0f: chiral logs

o AMS: M2 — pj2PY
" K K

Then vary fit ansatz, estimate missing/H.O terms
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Fit results f,

HMyPT fit to lattice data Fit systematics
3.0
! T T T T T T ! T @omitkv T excluden?— 1
\ Central o M2 (b) omit (aA)? == (i) cont. disp. rel. inc. (ap)’
1 sl <ivve (c) omit AM? ~ == (j) varying f, 4
1 : C1 t M3 ™, - (&) omit chiral log - (0 AL by 30NV
2.5 ! ° C2 ¢ F1S -+ (e) omit (aA)? and chiral log statistic
; § M1 | . (® include £ ]
5 : =
S 1 <
T o20r T e
Qo . e
S~ ! 4 -
'
15 !
'
'
H
LOF
'
L 1

1 1 1 1 1 1
0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045

(Bx/Mp)?
= take maximal deviation between the chosen fit and fit variation as
fit-systematic value.
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Assembling the error budget

T T

B statistics B statistics

I fit systematics 16 I fit systematics 16

B discretization (heavy) B discretization (heavy)

Il renormalization Il renormalization

I isospin breaking X I isospin breaking
discretization (light) .5€ discretization (light) |

I RHQ inputs L;J: I RHQ inputs

21 22 23

20 21 : :
7’ [GeV?) ¢*[GeV?)

18 19 20

@ Dominated by statistical and fit systematic uncertainties = both
improvable!

@ Most precise near g2,

e Data covers range g2 > 17 GeV?
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Caveat: HMxPT in terms of £, fy or fi, £ ? (1)

Recall A/(Ex + Ax)-term in HMxPT

A+ = MB*(I—) — MBS, MB*(I—) = 5.32471 GeV (exp.)
N = MB*(O*) — Mg, MB*(O*) =5.63GeV (the.)

RBC/UKQCD'15 and FNAL/MILC'19 strategy:
1. Assume f dominated by fo and f; dominated by f;.
2. HMxPT fit to f|, fi using A ~ Do, Ap ~ Ay
3. converting to f, fy in the continuum
Is this justified?
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Caveat: HMxPT in terms of £, fy or fi, £ 7 (2)

.
— fo .
o . from £, and £, < All fine for f; (red vs magenta)v/

-~ fo from fy and f,

< Several (stat) sigmas difference for fy X!!

< Discrepancy gets worse with increasing
energy = easy to miss!

0.005 0010 0015 0020 0025 0030 0035 0040 0045

(Bx/Mp,)?

20 /34 J. Tobias Tsang (CERN) Status of exclusive (heavy-light) decays



HMxXPT in terms of f,, fy or |, £, 7 (2)

— f.
— fo
---- f. from f and f,
fofrom fy and f,

< All fine for f; (red vs magenta)v/
< Several (stat) sigmas difference for fy X!!

< Discrepancy gets worse with increasing
energy = easy to miss!

s J picture persists with full error budget
(B /Mp,)*?

20/34

34 A RBC/UKQCD 23 f,, t3
B HPQCD 14 f,, @ 0.81 % 0.8
¥ FNAL/MILC 19 f .
Py 4 RBC/UKQCD 15 fj . .
RS & RBC/UKQCD 23 f; . >
=7 K =061 %@E H0.6
1 {2 rl %
18 20 22 24 18 20 22 24
¢’ [GeV] ¢’ [GeV]

= Not unique to Bs — K, same strategy was used for B — 7
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Extracting | V| from B; — K{v — in practice

dr(Bs — Kty
dq?

~ Vil x || (aP) K + [fo(@®) Ko

@ Two bins for LHCb measurement

B(BY = K~ putu,)
B(BY — Ds ptuy,)

g° <7GeV2  RSY =1.66(80)(86) x 1073,
q> > 7GeV2  REEM =3.25(21)(T18) x 1073,

e Lattice: Controlled uncertainties for 17 GeV? < ¢°.

Way out: Model Independent z-expansion!
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Extrapolating over the full kinematic range: z-expansion

e Lattice data typically limited to g2 € [qﬁlm,sim, 9o

e Want form factors over full range [0, ¢2,..].

e Ff's satisfy kinematic constraint £, (0) = f(0).
e Map g2 € [0, ¢2,.] t0 Z € [Zmin, Zmax] With |z| < 1 and branch cut t,.

Z(qz'to): \/t*_qz_\/t*_to
, \/t*_q2+\/t*_t0

e Form factor is a polynomial in z after poles have been removed

e.g. BGL: Boyd, Grinstein, Lebed prL 74 4603

1
fx(g?) = ax 2" with ax > <1
X(q) H BX(qz) QbX Z X zn:| X7| >~

poles n>0

Goal: Determine some un-truncated number of coefficients ax , to
obtain model independent parameterisation [riynn, Jiittner, JTT: 2303.1285]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.74.4603

z-expansion results and pheno

@ B.l. converges from & g
z-exp order
(K+, Ko) ~ (5,5)
onward

e 103x|V,p| = 3.78(61)

e Rp._,x =0.77(16)

0 10 20 ’ 0.2 0.1 0.0 0.1 0.2

o RE™I =1.72(11) e )

R D4 /|Vaol2/ps™ T7/|[Via*/ps™ [ Af)/ps™"  I[Afg]/ps~! Aty Aby
RBC/UKQCD 23 {+——e——| —e— | +——i| —e— ——i| +—e— e
HPQCD 141 He+ —o—i o —e— o o e
FNAL/MILC 19 toi e o Fof e o e
RBC/UKQCD 151 —e— |- o fe o o Fei

T T T T T T T T T T T —T— T T T
06 07 08 09 4 6 8 3 4 5 0.02 0.04 0.06 0.751.001.25 0.003 0.005 0.007
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How to scrutinise results?

@ these analyses are hard and very time consuming!
e many dependencies (sources of systematics) to consider:

o excited states (particularly when approaching MPS ensembles
e chiral (M;)

e heavy quark (mjp)

o kinematic (q?)

o discretisation, improvement and renormalisation (a)

@ limited data to control all of these
@ many choices to make and/or parameters to fit

= easy to miss something! (and from looking at the comparison of
different results we clearly do!)
Furthermore different works have

@ data sets with different parameter coverage
o data sets with different statistical and systematic properties
o different approaches
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Learning from our community: Similarities with g — 2

“Resolved” by simpler quantities,

@ the stakes are high v less susceptible to some systematics

e if final results disagree, it is very [1"0““"“””5" - JTT, RBC/UKQCD 18: 1801.07224]
hard to pin down why v/ o /

@ potential for an “analyst bias” v/ 0s / —now

@ ‘“easy” to blind X o S\ T
(normalisation vs shapes!) v /
but we should still do it! "o SR 2

is there something similar we can do for exclusive decays?
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Suggestion for benchmarks and checks . betia more: 2310 0270

e Full error budget for fo(q2,,,) for PS — PS or f(w = 1) for
PS — V solely based on the zero momentum data points.
= only most precise data points enter.
= no interpolation in final state energy required.

e fx(q%;) based only on data in the vicinity of ¢2,.
= more direct comparisons, relying less on analysis strategy.
= highlights differences: modified-z vs. w — 1 vs. Ep expansions?
= lllustrates information content of simulated data near ¢2.

e For mp < my: perform M,—a—q?— extrapolation at fixed my,.
= Eliminates heavy-quark extrapolation dimension
= disentangles my — my and a — 0.

= Better control over the continuum limit.
= ‘canonical choices’ e.g. 2m. or my/2 helps comparisons.

@ Publish reference g® value data before z-expansion
= no unitarity imposed yet, no error reduction from z-expansion

e publish fit coefficients & correlations (for all fits)
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Moving to massive schemes: RI/mSMOM

e RI/MOM and RI/SMOM are defined in the chiral limit of QCD

= mass independent, i.e. all renormalisation constants Z independent of
the fermion masses.

4

introduces discretisation effects scaling with (amg)".

4

on typical lattices am. ~ 0.2 am, < 1. Large cut-off effects!

e extension of RI/SMOM away from chiral limit: renormalisation
conditions at finite renormalised mass m suggested in (Boyle et al., 2016],

ADVANTAGE: Different masses at which the scheme is defined different
approaches to the continuum limit. Possible to choose this to reduce
cut-off effects?

Preliminary! — first numerical implementation of mSMOM, computing

the Charm quark mass [Del Debbio, Erben, Flynn, Mukherjee, JTT - in preparation, but near final]
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https://doi.org/10.1103/PhysRevD.95.054505

Renormalisation conditions (RI/SMOM)

Evaluated for SMOM momentum configuration

. 1 . 1
L= i g S
1= lim {Tr [SR(p)_l] + 1Tr [(ig - Aa.r) 7s] }
mR—>0 12mR 2 ’ ’
. 1
1= mlf!ergo 1242 Trl(q-Avie) gl

1
1= lim —=Trl|g-A
m 1247 r(q-Aarysd]

. 1
1= |”‘;0 EEH Tr[Ap,r7s],

1
1= lim —Tr[A .
m 12 r[ S,R]

mr—0
ensures continuum Ward ldentities hold, yielding
Zy=2Zp=1 Zp =Zs ZnZp =1
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Renormalisation conditions (RI/mSMOM) ey ecal. 201

1= lim %Tr [—iSr(p)'p] .

mg—m 12p

1= lim
mp—m 12mpg

1= lim % Tr [(q -Av.R) ¢] )

{ Tr [Sr(p) ] + % Tr [(iq - Aa,r) 7s] }

1= mETm@ Tr((g-Aar +2mR/\P,R)’Ys¢] )

1
1= Iim 7TF[/\P7R’V5],

. 1 1
1= Iim {12 Tr [AS,R] + @ Tr [QmRAp7R75¢] } .

mr—m

evaluated at arbitrary mass scale mg = m, which defines the scheme.

constructed so that continuum Ward Identities still hold.
@ linear system of equations for Z;, Zpm, Za, Zv, Zs, Zp.

mg — 0 limit reproduces RI/SMOM.
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https://doi.org/10.1103/PhysRevD.95.054505

lllustration of RI/mSMOM strategy: the charm-quark mass

N RI/mSMOM (7, -1

m) = I|m Zm(a, i, amo) (arhg + aries) a
—_——
arﬁo
1. Simulate at a range of mass points am, on several ensembles.

2. Determine ren. constants Z;(a, ap, amg), hadron mass M(a, am,) as
well as amyes(a, amg) (additive quark mass renormalisation).

3. Define scheme: Fix 1 (ren. scale) and M (to set m in ren. conds.).

4. Fix M to set the quark mass m we want to determine (e.g. 7. to
determine m.).

Interpolate Z;(a, ap, amg) to fixed p and amg on all ensembles.
Interpolate to determine arfig on all ensembles.

Take the continuum limits of My and mg.

(optional) Convert to RI/SMOM or MS and/or run to desired scale p.

© N o O
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RI/mSMOM - First numerical implementation

Charm quark mass good testing ground (cheap and precise):

@ only 2pt-functions and NPR bilinears needed
@ charm-quark can be computed fully relativistically prT et al. JHEP 04 (2016) 037,
JHEP 12 (2017) 008].

Domain-wall fermion ensembles at 3 lattice spacings (C, M, F) with the

Mabius (M) and Shamir (S) kernels

name | L/a T/a a![GeV] m,;[MeV] am ams
C1M 24 64 1.7295(38) 276 0.005 0.0362
C1S | 24 64 17848(50) 340 0005  0.04
MOM | 64 128  2.3586(70) 139 0.000678 0.02661
M1IM | 32 64 2.3586(70) 286 0.004 0.02661
M1S 32 64 2.3833(86) 304 0.004 0.03
F1IM 48 96 2.708(10) 232 0.002144 0.02144
F1S 48 96 2.785(11) 267 0.002144 0.02144
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modified approach to the continuum - PRELIMINARY

M=0.6M;P¢, M=0.7M,"° M=0.7M?5, ¥ =0.7M?"C
¥ 0.690 4+
& mSMOM(p-val:0.82) k) B mSMOM(p-val:0.44) T
0.55 H4 SMOM (p-val:0.93) ¥ 0.6854 ®
3 | % osw0 |
2 o541 g 06807 |
& i B 06754 1
> 1 > 1 I
g 033711 o ¥ 8 o670 |
S i ;) _ S I ®
L o2 i L 0665 1 i
kE 1 I kS 0.660 4 !
0.51 1 % !
0.655 4 §
| } T T T
0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
a*[GeV~2] a*[GeV~?]
M=0.7MFPS, =0 MO
0.690 T
. . . . . B @2+ ames (vl 0:44)
1 continuum limit of desired m (in scheme _ o] @ cas o ;!
. J— Eoﬁsn '
defined by m) = oos| | i
—7 continuum limit to determine definition £ 1 g
of the scheme defined by m) L
— variations oss| §
0. &!0 0.05 0.10 0.15 0.20 025 0.30

a*[GeV?]
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modified approach to the continuum - PRELIMINARY

M=0.6M;"°
< continuum limit results still in
0301 & Foom x" different schemes! Values
e £ 54 cannot be directly compared
= 0541 ’ from plot.
% ma g e @ Very different CL approaches,
§ 0321 i g S @ conversion factor is known and
1 % ® 3 close to 1, consistent results
Tosoq ¥ y after conversion to same scheme
E # (take my word for it for now)
048 1 i o full details plus value of the
| . . . charm quark mass to appear
0.0 0.1 0.2 0.3 .
2 [Gev] soon (arXiv:2407. XXXXX)
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(somewhat sobering) Conclusions

@ “bread and butter” quantities not in the best shape - various niggling
tensions

@ current results require scrutiny by our community
@ suggestion for benchmark quantities to help this

@ resolved some issues for B; — K (and possibly B — 7)

@ Many decay channels not covered here since there are not enough
results to make comparisons. Often only a single result for a given
channel.

@ ...but these are difficult observables with many hard to control sources
of systematic uncertainties. = very human-time intensive!

@ First numerical implementation of massive NPR scheme promising
and to appear soon!
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