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discuss systematic uncertainties of the form factors.
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1. Introduction

The B — D™¢v semileptonic decays provide a determination of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix element |V,;|, and are promising probes of new physics, such as the
charged Higgs bosons predicted by supersymmetry. However, the current estimate of |V, | shows
a tension with its alternative determination from the inclusive decay [1]. It is unlikely that the
tension is a sign of new physics [2] and, hence, we need deeper understanding and better control
of theoretical and experimental uncertainties. In this article, we report on our calculation of the
B — D™ ¢y form factors, which are the source of the largest theoretical uncertainty of |V,p].

2. Simulation method

We simulate Ny =2+ 1 lattice QCD at cutoffs of a~'~2.5-4.5 GeV. The pion mass is as low as
M, ~230 MeV, and the strange quark mass is close to its physical value. The M&bius domain-wall
action [3, 4] is employed for all relevant quark flavors to preserve chiral symmetry to good accuracy,
which simplifies the renormalization of the relevant matrix elements. The charm quark mass m,
is set to its physical value fixed from the spin averaged mass (M,,. + 3M;,y)/4. Depending on the
lattice spacing a, we take three to six values of the bottom quark mass mp =1.25"m.(n = 0, 1, ...)
below 0.7a~! in order to control O((amy)?) discretization effects. The spatial lattice size L is
chosen to satisfy the condition M, L 2 4 to suppress finite volume effects (FVEs). At our smallest
M, ~230 MeV, we simulate a smaller lattice size M, L ~ 3 to directly study the FVEs. The statistics
are 5,000 Molecular Dynamics time at each simulation point. These simulation parameters are
listed in Table 1. The same gauge ensembles are used in our study of the B— nfv [5] and inclusive
decays [6] and in a joint project with the RBC/UKQCD Collaboration on the B meson mixing [7].

The B— D™ matrix elements are parametrized by six form factors in total,

VMsMp  (D)VlB()
VMpMp: (D& p)WVulB®) = Euper €VPV hy(w),
VMpMp. (D (e.p")|AulB(p))

v+ V)uhe(w) + (v = V) h(w),

—i(w + 1) €, ha,(W) +i(€V) vy ha,(W) +i(€7v) v, hay(w),

Table 1: Simulation parameters. Light and strange quark masses, m, 4 and mg, represent their bare values in
lattice units.

lattice parameters Myd myg M;[MeV] Mg[MeV]
B=4.17, a~'=2.453(4), 323x64x12 | 0.0190 0.0400 499(1) 618(1)
0.0120 0.0400 399(1) 577(1)
0.0070  0.0400 309(1) 547(1)
0.0035 0.0400 230(1) 527(1)
B=4.17, 483x96x12 0.0035 0.0400 226(1) 525(1)
B=4.35, a1 =3.610(9), 48°x96x8 0.0120 0.0250 501(2) 620(2)
0.0080 0.0250 408(2) 582(2)
0.0042 0.0250 300(1) 547(2)
B=4.47, a1 =4.496(9), 64°x128x8 | 0.0030 0.0150 284(1) 486(1)

ey
2
3)



B — D¢y semileptonic decays in lattice QCD with domain-wall heavy quarks T. Kaneko

where w = vv’ is the recoil parameter defined by four velocities v=p/Mp and v’ =p’ /M), and €
is the polarization vector of D*, which satisfies p’e =0.

The B— D™ matrix elements can be extracted from three- and two-point functions, provided
that they are dominated by their ground state contribution as

() ’ ’
C5P" (AL, AL p, p)
D (Op (X, At + At)Or(x, A)Op(Xere, 0) ye PO =i (=)

Xore, X, X/
Z: ) Zs(p)
AtAr—eo  4Epe(p')Ep(P)
Here Or = V), or A,, and the argument € is suppressed for Zp« and |D*(p’)) for simplicity. We
apply Gaussian smearing to the interpolating fields Op of the mesons P = B, D, D* to enhance
their overlap with the ground state Zp(p) = (P(p)lOID. The B meson is at rest (p =0) throughout
our measurements, whereas we vary the three momentum of D™ as |p'|2 =0,1,2, 3,4 in units of

<D(*)(p/)|0r|B(p))e—ED(*)(p/)At/_EB(p)At‘ (4)

(27/L)? in order to study the w dependence of the form factors.
‘We construct ratios of the correlation functions as

cBD“‘))(At, At’;0,0) CP'"B (A1, At’;0,0)

REP"(ar ar) = A ) ean P ()
® CEB (AL, Ar';0,0) COOPI (A1, Ar;0,0) Ardr—eo |4
4 4
Cng (At,AT;0,p") ekl'jfi*vij hy (w)

BD* /. ’
RV,k (At’ At"; 0, pJ_) kaD*(Al, At 0, pi) AL AT —00 L+w hA(W) (6)
where p’| denotes the D* momentum satisfying ve =0. Unnecessary factors, such as the overlap
Zp(p) and exponential damping factors in Eq. (4), cancel in the ratios [8]. We also expect a partial
cancellation of statistical fluctuations. These ratios are used to precisely extract the form factors at
zero recoil, h4(1) and hy, (1) and a ratio Ry(w) = hy(w)/ha,(w), which are key hadronic inputs in
the conventional determination of |V,,|. We refer the reader to Refs. [9, 10] for ratios to extract
other form factors.

In order to control the excited state contamination, we calculate the correlator ratios with
four different values of the source-sink separation At + At’, and then extract form factors by using

multi-exponential fits. The fitting form, for instance, to determine /4,(1) is
REP (A AC) = [ha, () (14 ae M0 4 pemdMeat oy cmMMBA . godMpaT) - (7)

where AMp(p+) represents the energy difference between the B(D*) meson ground state and the
first excited state with the same quantum numbers, and is estimated from two-point functions of B
(D*). As plotted in Fig. 1, the multiple values of At + At’ enable us to safely identify the ground
state contribution, whereas data at small A7 + At’ are helpful in achieving good statistical accuracy.

A salient feature of our simulations with relativistic heavy quarks and chiral symmetry is that
the form factors in the Standard Model, namely those in Egs. (1) —(3), can be calculated without
finite renormalization of the lattice operators V,, and A,. Our correlator ratios are constructed so
that renormalization factors cancel as seen in Egs. (5) and (6). This is an important advantage,
because it is not straightforward to reliably estimate and reduce higher order corrections in the
perturbative renormalization and matching.
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Figure 1: Double ratio Rfm "(At,At’) as a function of the temporal location Az of A;. We plot data at
B =4.35, myq =0.0042 and my, = 1.25% m,. Diamonds, circles, squares and triangles show data with the
source —sink separation Ar + At’ =16, 24, 32 and 40, respectively. We also plot the multi-exponential fit (7)
by the dashed lines, and the ground state contribution |4, (1)|? by the black shaded band.

3. Continuum and chiral extrapolation

We extrapolate the form factors to the continuum limit and physical quark masses by employ-
ing a fitting form with a chiral logarithm predicted by next-to-leading order heavy meson chiral
perturbation theory [11, 12] and polynomial corrections. The fitting form for 4 4,, for instance, is

h
i = c+ CW(W - 1) + dw(W - 1)2 + Cb(W - I)Eb + db€b2
na
2
8D*Dn” £
—32772;,3 F(éx, Ac) + Crén + Cp . + Caba + Camy,Eamy,» (8)

where 174 represents the one-loop radiative correction evaluated by using our estimate of the strong
coupling from charmonium correlators [13]. The polynomial corrections are written in terms of
small expansion parameters

[\ M72r _ M’%x _ 2 _ 2
w—1, e = T éx = At R &y = AR a = (Aa)', Eumy, = (amyp)”, )

where we set A, A =0.5 GeV. For h A, and h,, the O(ep) term has an additional factor of w — 1 to
be consistent with Luke’s theorem [14], and we include an O(ebz) correction as in Eq. (8).

For the chiral expansion, we employ the so-called £-expansion in &, and &, , with which we
observe better convergence for the light meson observables than the x-expansion in M2 /(47 F)* and
M,%S /(4nF)?, where F is the decay constant in the chiral limit [15].

The explicit form of the loop integral function for the chiral logarithm is given in Refs. [11,
12], and can be approximated as F = A2 In[&,] + O(A2), where A, represents the D*— D mass
splitting. The D*Dr coupling is set to gp+p, =0.53(8), which is quoted in Ref. [16] and the error
covers previous estimates. This choice, however, has small impact on the continuum and chiral
extrapolation since the chiral logarithm is suppressed by the small mass splitting A..
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Figure 2: B — D*({v form factors, ha, (top-left), ha, (top-right), ha, (bottom-left) and Ay (bottom-right)
as a function of w. In all panels, we plot data at a~! =2.5, 3.6 and 4.5 GeV by the black, blue and red
symbols, respectively. The open, pale shaded, filled, dark shaded symbols show data at M, ~ 500, 400, 300
and 230 MeV, whereas symbols with different shapes are data with different values of m;,. We plot the form
factors extrapolated to the continuum limit and physical quark masses by the green bands, and their statistical
(total) uncertainty is shown by the dark (pale) bands. We also plot the previous estimates of s4,(1) [16, 17],
which is shifted in the horizontal direction for clarity.

In Fig. 2, we plot the B— D*{v form factors at simulation points and those extrapolated to the
continuum limit and physical quark masses. With our choice of the expansion parameters (9), all
coefficients ¢y, . x.,,a,am;, } and d{y,, py turn out to be O(1) or smaller. The figure suggests that the
form factors mildly depend on a and quark masses. Consequently, the fitting form (8) describes our
data well with y2/d.o.f~0.2, and many coefficients are consistent with zero. We also note that our
result for 74,(1) is in reasonable agreement with the previous estimates by Fermilab/MILC [16]
and HPQCD [17].

We estimate the following systematic errors, and plot them in Fig. 3.

» Covariance matrix : With our statistics, the covariance matrix has exceptionally small eigen-
values. We test the singular value decomposition cut as well as the shrinkage method [18],
and the change of the form factors is taken as a systematic uncertainty.

* Chiral expansion : We test the x-expansion instead of the £&-expansion.

e Multiplicative form : We test the following multiplicative fitting form in order to take
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Figure 3: Uncertainties of &4, (w) in the continuum limit and at physical quark masses. We plot the statistical
(black thick solid line) and total systematic (black thick dashed line) errors, and the breakdown of the latter

(other lines) as a function of w.

account of possible cross terms,

h
eI (1 + oW —1) + dy(w — 1)2) (1 +ep(w— ey + dbebz)
na
2
8D*Dn” 5
X (1 + WF + cngﬂ) (1+ ¢, &) (1 + caéa) (1 + camy€amy,) - (10)

* Inputs : We repeat the fit with a and gp-p, shifted by their uncertainty.

* Strong isospin breaking : We shift the input M, to fix m,, 4 by a relative difference 2|(M .0 —
Mp+)| /(M0 + My+) to take account of the uncertainty due to strong isospin breaking. We

carry out a similar analysis for M,,, to fix m;,.

* Polynomial correction : In order to estimate the systematic uncertainty due to the choice
of the polynomial correction in Eq. (8), we repeat the fit by adding a higher order term or

removing a poorly-determined term.

» FVEs : The form factor data at a~! = 2.453 GeV, M, = 226 MeV is replaced by those

calculated on a smaller lattice 323 x 64 to estimate FVEs.

As seen in Fig. 3, each systematic error of &4, is suppressed well below the statistical error of

1-2 %. Other form factors have larger and more dominant statistical errors. With the exception

of hy, where the discretization error is 5 % and the statistical error is 3 %, all other systematic

errors for each of the form factors are suppressed such that they are similar or smaller than their

corresponding statistical uncertainties.

Based on the continuum and chiral extrapolation, we can generate synthetic data of the form

factors. A model independent parametrization of them and comparison with the previous study [10]

are in progress [19].
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Figure 4: Tensor form factor for B — D{v decay normalized at w = 1. Our result extrapolated to the
continuum limit and physics quark masses is plotted by the green dashed line with the dark and pale
green bands representing the statistical and total uncertainties, respectively. We also plot phenomenological
estimates in Refs. [21, 22].

4. Form factor beyond the SM

One of the the so-called B physics anomalies has been reported for the decay rate ratio to
measure the lepton flavor universality violation R(D™)=T(B— D" 1v)/T(B— D™ ¢v) (£ = e, p),
which currently poses a 3 o tension between the SM and experiment. In order to interpret such a
hint based on new physics models, lattice QCD is expected to provide form factors beyond the SM,
namely those for the (pseudo-)scalar and tensor interactions.

Figure 4 shows our preliminary results for the B— D{v tensor form factor 4 defined by

-1
MgMp (D(p’) |Eo-,u,b| B(p)) = ihT(w)(v;lv,, — V). 11
We use a correlator ratio

CEP (A1, Ar';0,p) CP(Ar';0) Vi hr(w)
CEP (AL, A17;0,0) CP(Ar';p) anAr—e 2 (1)’

REP (A1, Ar';0,p) (12)

where CP represents the D meson two-point function, and /(1) is calculated from Eq. (5). In
contrast to the calculation of the SM form factors, renormalization factors do not cancel in the
ratio Rﬁ D A non-perturbative renormalization based on the Borel transformation of the hadronic
vacuum polarization function is in progress [20]. In the following, we consider Ar(w) normalized
at w=1 so that renormalization factor cancels.

We observe that the tensor form factor mildly depends on the lattice spacing and quark masses,
and carry out the continuum and chiral extrapolation by using a fitting form similar to Eq. (8).
Figure 4 shows hr(w)/hr(1) in the continuum limit and at physical quark masses. The preliminary
result has 10 % statistical and 10 % systematic errors, and is consistent with previous phenomeno-
logical estimates [21, 22].
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5. Summary

In this article, we report on our study of the B — D*) ¢y form factors at non-zero recoil in lattice
QCD with domain-wall heavy quarks. The SM form factors do not need explicit renormalization
thanks to chiral symmetry. The mild dependence of the form factors on simulation parameters
brings the continuum and chiral extrapolation under reasonable control. As a result, the axial form
factor h4, is determined with an accuracy of < 2% in the simulation region of w. Our study is
being extended to form factors beyond the SM, and we are calculating the B — D{v tensor form
factor. Implications of our results on the determination of |V, | and new physics searches are under
investigation.

This work used computational resources of supercomputer Fugaku provided by the RIKEN
Center for Computational Science and Oakforest-PACS provided by JCAHPC through the HPCI
System Research Projects (Project ID: hp180132, hp190118 and hp210146) and Multidisciplinary
Cooperative Research Program in CCS, University of Tsukuba (Project ID: xg18i016). This work is
supported in part by JSPS KAKENHI Grant Numbers 18H03710 and 21H01085 and by the Toshiko
Yuasa France Japan Particle Physics Laboratory (TYL-FJPPL project FLAV_03).
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