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Figure 1: Feynman diagram depicting tree-level semileptonic decays B ) — D’(‘s)f ve for a spectator quark
q = u/d, s and a lepton-neutrino pair with £ = e, u, .

1. Introduction

Flavour physics plays an important role in testing and constraining the Standard Model (SM) and
guiding the search for new physics beyond the SM. Both experimental measurements and theoretical
predictions derived from the SM are required either to extract fundamental parameters of the SM,
such as Cabibbo-Kobayashi-Maskawa (CKM) matrix elements, or test properties, like lepton flavour
universality (LFU). Of special interest in this quest are bottom flavoured quarks because bottom,
or b for short, quarks are the heaviest quarks living long enough to form experimentally accessible
bound states.

In the following we focus on exclusive semileptonic decays with hadronic vector final states,
B(s) — D*(‘s)fw, which are described by tree-level charged-current processes in the SM. A Feynman
diagram of these decays is shown in Fig. 1 where a light or a strange quark acts as “spectator”.

Although this b — c transition occurs at tree-level in the SM and is therefore not expected to
have large new physics contributions, two observations have attracted the attention of the community
for many years:

1. Tree-level semileptonic decays provide our most precise channels to extract the CKM matrix
element |V, | describing the transition amplitude from a b to ¢ quark. We can either use an
inclusive approach summing over all final states containing a charm quark or an exclusive
approach explicitly considering a D or D* meson in the final state. A 2 — 3¢ tension between
inclusive and exclusive determinations of |V, | has persisted for several years. Presently the
Particle Data Group (PDG) quotes [1]

[Vep|™l = (422+£05)x 1070 and Ve[ = (39.8+0.6) x 1072, (1)
which results in an y2-inflated average with about 4% uncertainty: |Vp| = (41.1+1.2)x1073,

2. Considering different leptonic final states in exclusive B — D) v, decays, we can define
ratios testing LFU in the SM

B(B — DWry,)

R(D™) =
( ) B(B — D™]y))

with [ =e,pu. ()

Here a 2 — 30 tension' exists between the theoretical prediction and experimental result.

IFor details see 2024 analysis by the Heavy Flavor Averaging Group https://hflav-eos.web.cern.ch/
hflav-eos/semi/moriond24/html/RDsDsstar/RDRDs.html.


https://hflav-eos.web.cern.ch/hflav-eos/semi/moriond24/html/RDsDsstar/RDRDs.html
https://hflav-eos.web.cern.ch/hflav-eos/semi/moriond24/html/RDsDsstar/RDRDs.html
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We will consider semileptonic By — D’Es)fw decays since spin-1 vector final states are
experimentally favoured. Experimental results for these processes have been reported by BaBar
[2, 3], BELLE [4, 5], BELLE II [6, 7] and LHCb [8-10]. Using lattice quantum chromodynamics
(QCD) we aim to make a nonperturbative determination of the form factors describing these decays.
To date Fermilab/MILC [11], JLQCD [12] and HPQCD [13] have published work on B — D*{v,
form factors at nonzero recoil and HPQCD [13, 14] also reported on By — D3{v,. While these
results are mutually compatible at high ¢ (see e.g. the combined analyses in Refs. [15, 16]), some
tension is present in the slope. Directly studying the low ¢ region at high precision will be
important for future determinations.

In this work we use RBC/UKQCD’s 2+1 flavour gauge field ensembles to study exclusive
semileptonic B(y) — D*(‘s)fw decays. First we define the form factors we intend to calculate and
next describe in Sec. 3 the setup of our lattice calculation, before presenting first results of our
analysis. For now we restrict ourselves to By — D {v, form factors, which at this point is limited
to the extraction of the form factors on one ensemble. We close by summarising and giving an
outlook on our future steps.

2. Form Factors

Due to the narrow width of D*zs), we approximate the D’ES) to be QCD-stable and parametrise
semileptonic B(5) — D*(‘S)fv,g decays by four form factors which we define as a function of the

momentum transfer ¢> received by the lepton pair

2ieM"Po e kyp o

MB(S) + Mp-

(DY, (k, &)|ey"b|B(s) (p)) = V(4%

) ZMD@S* - q
(D) (ks e)leyysbIBes) (p) =Ao(q”) —— 5——4"

* g q
+A1(4°) (M, + Mp; ) [8 - 7 qﬂ]

. M% - M2,
_ Az(f)i kM + pH — Mqﬂ . (3)
MB(s) + MDZQ) q2

where k and p are the momentum of the Dy(‘s) and By respectively, & is the polarisation of the
D?S), qu = pu — ky 1s the transferred momentum, and Mg, and M, D;, are the meson masses. We
calculate these matrix elements using 2- and 3-point correlation functions implemented according
to the quark-line diagrams depicted in Fig. 2.

For the 2-point functions we calculate the meson-to-vacuum matrix element by inserting a
colour source at Euclidean time ¢y, and then letting the spectator strange quark propagate to
tsnk = tsre + At where it is annihilated with the charm quark propagating backwards in time from #gpx
to ty. For the 3-point quark line diagram we start with a strange quark created at 7. and propagated
forward in Euclidean time to 74, where it is annihilated and turned into a sequential source for a b
quark which propagates backwards in time. At ty. < t <t We insert a weak interaction turning
the b into a ¢ quark which finally is annihilated at #.. To simplify the notation subsequently we set
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Figure 2: Sketch of the quark-line diagrams for the lattice calculation of the 2-point functions describing the
( ) meson (left panel) and the 3-point functions for the B(y) — D7 (s) decay (right panel).

tsre = 0 and define the 2-point functions as

ko; I* _,,.
ZP”(t k)_z«)x (o, 0)|0“ @ T e el (K, D)el (k. N5 ;> ¢!
1 (s)

4)

C (1,p) = Z(O (0, O)IO (55 N)eP* 5 oo Me_EB(s)’ (5)
B( ) p)= B(A) s ZEB(S) ,
with O” x) =5(x)y*c(x) and Op, . (x) = 5(x)y°b(x). Hence we obtain

(s)
KD;S)sj*(/;,/l) = <D’€S)(lz,/l)|5yjq|0> and kg, = (B (P, )by’ ¢|0), (©6)

where the polarisation vector satisfies Y, ; e#(k,)e”(k, 1) = kl;)kv —g" and g = u/d,s. The
(s)
3-point functions are defined as

C;it)ig* (1, tonk, k) _Z 1kx<0/‘* (0 0)|jr(y,;)|03( )(x,tsnk))

x5y
KD* KB
() " u # (= —Ep t-Mp g (tsk—1)
[tk > 00 ——— k,){D7 \(k,A ,D|B () () 7
snk > ©0 4Ep: Mg, %,‘9( D () (k, DIT (3. 0)|Bs)(p))e (M

with the current 1 (¥,1) = ¢(X, )b (X, 1) and T" = {yH, y"ys}.

To extract the desired matrix elements, we form ratios of 3- over 2-point functions for which
ground-state dominance in the limit of infinite time separations allows us to extract the desired
matrix elements

3pt,T,u ®j
. Cy,. Dy, (2, tsnk, k) AEp; Mg, X;&;(k)e" (k)
B(S)HD* (t tsnk) - —Ep-
O @G =) Y e

_MB(X)(tsnk_t)
1—
P = & (k)(D},, (k. &)[cTb|B5) (p)). (8)

Going back to Eq. (3), we obtain the different form factors by choosing different combinations of
momenta, polarisations, and directions of currents. For V we have to pay attention that &, k and p



Form factors for semileptonic B sy — D?S)fw decays Anastasia Boushmelev

are contracted with the anti-symmetric € tensor and that there is no contribution for k= (0,0,0)
because of the 1/k; factor. For Ag and A; it suffices to take certain combinations of directions into
account to remove contributions from other form factors to the axial matrix element, whereas for
A; we consider a linear combination including Ag and A;. These form factors are given by

- Mp, . + Mp- 1
T2y b s) () * Oljn . *
Vig) =—5 M, € z/l:sj(k,/l)(D(S)(k,/l)lcwbIB(s)(P)), ©)
- 1 D; 1
Ao(q®) = s ———q" » &;(k, (D, (k,2 b|B : 10
0(g”) 2Ep: Ma,, o Z/l:sj( (D4 (k, D)leyiysblB s (p)) (10)
~ 1
2y _ l *
A = 3~ M ;s (k, (D7, (k, D)l cyrysb| Bs) (p)), (11)
) s
2
T2 MD?s) (MB(S) i MDZS)) q’ _2k5EDfs>MB(S> T2
Ax(q7) = bsz M 2 4 M2 M2 2Ml . Aolg”)
DL MB) q- + B ~ D:,, 4" MD(
k2 Ep: Mg k7\ _
+ (MB(S) + Mpe ) 1+ —= A1(g%)
) M2, M2, @

() (s)

= > &l e, DY, (K, D)y pysblBis) (p)) |, (12)
A

where no summation over the indices is performed and we use the notation k; or ¢’ to refer
to components of the 3-vector k or g such that 1/k; is well-defined as the inverse of the i-
component of k. The tilde indicates that these form factors are lattice quantities which still require
renormalisation. We plan to calculate the renormalisation factors using mostly nonperturbative
renormalisation [17, 18] where the flavour diagonal parts are computed nonperturbatively on the
lattice and the p factor using 1-loop perturbation theory,

zjh = pliNzlizhh, (13)

The perturbative calculation is ongoing, and we intend to include at least an overall blinding factor
before continuing with our analysis. The renormalised matrix elements are then given by

(D) |TulBs)) = Z3AD( WulB(s))- (14)

In addition we plan to O (a)-improve the operators at 1-loop for which also a perturbative coefficient
needs to be calculated and additional matrix elements have already been determined as part of our
lattice calculation.

3. Lattice Setup and first results

For our calculation we use RBC/UKQCD’s 2+1 flavour gauge field ensembles with dynamical
up/down and strange quarks in the sea sector. For the light and the strange quarks we use a unitary
formulation of Shamir domain-wall fermions [19, 20]. For the ¢ quark we are using optimised heavy
domain-wall fermions [21, 22], whereas for the b quark we use the relativistic heavy quark action
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[Lia T/a a™'/GeV  ami*®  am® Mg/ MeV stcs X Neons

Cl 24 64 1.7848 0.005 0.040 340 1 X 1636
C2 | 24 o4 1.7848 0.010 0.040 433 1 x 1419
Ml | 32 64 2.3833 0.004 0.030 302 2 x 628
M2 | 32 o4 2.3833 0.006 0.030 362 2 x 889
M3 | 32 64 2.3833 0.008 0.030 411 2 x 544
F1S | 48 96 2.785 0.002144 0.02144 268 24 x 98

Table 1: RBC/UKQCD coarse (C), medium (M) and fine (F) gauge field ensembles with 2+1 flavour
domain-wall fermions and Iwasaki gauge action [27-31].

[23, 24]. Details of the ensembles considered are summarised in Table 1 and the data analysed here
were collected as part of the By — K{v, form factor calculation presented in Ref. [25]. Hence
our data feature the same setup: light and strange quarks are simulated using point sources, while
charm and bottom quarks are generated using Gaussian smeared sources. We study this quark
flavour changing decay by simulating with the B(,) meson at rest, only injecting momenta to the
final state D meson. The data are taken using code written with the Chroma software package [26].
The statistical data analysis is performed using a single elimination jackknife procedure. In this
first round of assessing the quality of our data only correlated ground-state fits are performed.

We start by extracting effective D meson energies from our 2-point correlators. On the one
hand these enter as inputs for the extraction of the form factors defined in Egs. (9)-(12); on the other
hand they allow us to scrutinise our setup by studying the dispersion relation. In the left plot of
Fig. 3 we present the effective energies for a D} meson on our F1S ensemble with lattice momenta
k* = (27n/L)?* ranging from n> = 0 to 5. Equivalent momenta in x, y, z directions are averaged.
Performing a ground-state-only fit, we fit time slices 18 to 25.

Using the n> = 0 value as input,we can use the lattice dispersion relation

3
E =2a"'sinh™! Jsinhz (%) + sin? (ag’), (15)
=1

i=

to check our setup. We show the comparison between the prediction from the dispersion relation to
our extracted values in the right plot of Fig. 3 and find good agreement for all measured n? values.
Next we proceed to extract the four form factors on F1S and show the corresponding plots in
Fig. 4. Again the different n> values are shown by different colours, the correlated ground state
fits are given by the solid lines and the fit ranges as well as the error of the fits are indicated by
the coloured band around the fit line. As discussed above, n? = 0 is not present for v, Avo and gg,
whereas with the B, meson at rest we have no n> = 3 contribution for Xl and Zz.
In order to get an idea which range in ¢ our data covers, we convert the different lattice momenta
for the F1S ensemble to physical g* values in GeV? and show our unrenormalised lattice form
factors as a function of ¢2 in Fig. 5. All form factors except for A, are given as we still investigate
the large errors on A,. The g? range before the chiral-continuum extrapolation is similar to but
slightly smaller than the ranges by Fermilab/MILC [11] and JLQCD [12], whereas HPQCD [13]
uses a different setup/analysis strategy to directly simulate the kinematically allowed g* range. So
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Figure 3: Left: effective D7 energies for different lattice momenta as function of the Euclidean time on the
F1S ensemble. Solid lines with shaded error bands indicate ground state fits and vertical dotted lines the fit
range. Right: comparison of these effective energies to the prediction using the lattice dispersion relation.
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Figure 4: The four unrenormalised lattice form factors for different lattice momenta n? of the D’ as a function
of the Euclidean time on the F1S ensemble. Solid lines indicate ground state only fits with uncertainties
denoted by coloured bands.

far we have only analysed data from the finest ensemble, F1S, and are working on analysing data
from medium (M) and coarse (C) ensembles. With more data included we expect our range to
increase slightly and become similar to the ranges of the Fermilab/MILC and JLQCD calculations.

4. Summary and outlook

Semileptonic B4 decays play a key role in determining the CKM matrix element |V, |. Given
the persistent 2 — 30 tension between the inclusive and exclusive determination, further insight is
highly desired. Since, in case of exclusive decays, vector final states are experimentally preferred,
we have started with exploring calculating form factors describing By — D3{v decays. We use
the narrow width approximation for the D meson and focus for now on the process with a strange
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Figure 5: The fit results from Figure 4 for four lattice form factors, ZO, A 1 and \7, in terms of the momentum
transfer ¢ in physical units.

spectator quark before tackling B — D*{v, favoured by the B-factories, in the future.

Taking advantage of available data, we extract the four form factors and present their g2
dependence. Keeping the By meson at rest, we inject up to five units of momentum to the D7 final
state meson. This allows us to directly study the high ¢? region in a range compatible to the work
by Fermilab/MILC and JLQCD.

We are analysing further available data on the coarse (C) and medium (M) ensembles listed in
Tab. 1 in order to perform extra-/intrapolations to physical quark masses and the continuum in the
future. This will require the p factors needed for pursuing a mostly nonperturbative renormalisation
as well as the coefficients for 1-loop O(a) operator improvement. These corresponding perturbative
calculations are already in progress and are performed separately to allow for including an overall
blinding factor. In parallel, work is ongoing to improve our setup and explore possibilities to directly
study form factors at lower values of ¢> with high precision on the lattice.
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