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Abstract: We study the semileptonic B/Bs; — (D(*),D(X*))lw decays in the framework of the Standard Model (SM), by

employing the perturbative QCD (PQCD) factorization formalism combined with the lattice QCD input for the relev-
()
(s)
branching fractions R(D™) and R(DE,*)), and the physical observables PT(DEj;), F L(D*s)) and App(r). The
“PQCD+Lattice” predictions for 8(B — D™Iv;) and R(D™) agree with the available experimental measurements
within errors. For the ratios R(D;) and R(D5), the "PQCD+Lattice" predictions agree with the other predictions. For

P.(D*) and F(D"), our theoretical predictions agree with the measured values within errors. Our theoretical predic-

ant transition form factors. We calculate the branching ratios B(B(;) — D, lv;) with [ =(e,u,7), the ratios of the

tions of the semileptonic B/B; decays considered could be tested in the near future by the LHCb and Belle II experi-

ments.
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1 Introduction

The studies of semileptonic decays of B/B; meson
play an essential role in testing the Standard Model (SM)
as well as in the search for new physics (NP) beyond SM,
since the lepton flavor universality (LFU) can be ex-
amined in this kind of decay modes. LFU implies that all
electroweak gauge bosons ( Z0, y and W*) have equival-
ent couplings to the three generations of leptons, and the
only difference arises from the mass differences:
me < my, < m,. Therefore, if the experiments were to find
signals of lepton flavor violation (LFV), that would be a
true challenge for SM.

The first observation of the R(D) and R(D*) anom-
alies in semileptonic decays B — D™l with [~ =
(e”,u~,77) by the BaBar collaboration in 2012 [1, 2] in-
voked intensive studies of the B — D™y, decays in the
SM framework [3—10] and various NP models [11-18].
With the measurements reported by the Belle and LHCb
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collaborations [19—-25], however, the deviations between
the measured R(D) and R(D*) and the SM predictions be-
come smaller [26-29]:

(1) The latest Belle measurements [24] exhibit an ex-
cellent consistency with the averaged SM predictions
[3-5, 29]:

R(Dy = { 0-307+0.037(stat) £0.016(syst), - Belle[24]
~\ 0.299 +0.003, SM[29] °
(1)
R(D) = | 0283£0018(stat) £0.014(syst), - Belle[24]
~\ 0.258+0.005, SM[29] °
(2)

since they are compatible within one standard deviation
[24, 29].

(2) The combined analysis of currently available
measurements of R(D) and R(D*) , including the new
Belle results [24], gives the following world averaged
values:
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R(D)F*? =0.340 +0.027 £ 0.013,
R(D*)B*? =0.295 +0.011 + 0.008, (3)

so that the discrepancy decreases from the previous 3.80
to 3.10- with respect to the SM expectations [26, 27, 29].

(3) Besides the ratios R(D™), other physical observ-
ables, such as the longitudinal polarization of the tau
lepton P.(D*) and the fraction of the p* longitudinal po-
larization Fp(D*), were measured recently by the Belle
collaboration [20, 21, 30]:

P(D*) = —0.38 £0.51(stat.) ") Te(syst.)[20, 211, (4)

Fr(D") = 0.60 +0.08(stat.) £ 0.04(syst.)[30]. %)

They are compatible with the SM predictions P (D*) =
—0.497+0.013 [31], FL(D*) =0.441(6) [32] and 0.457(10)
[33] for the B — D*rv, decays.

It is clear from the above points that although the an-
omalies of R(D™) have become less serious recently,
there is still a sizeable discrepancy with respect to the SM
expectations, and that they should be investigated with
complementary and more precise measurements in order
to draw a conclusion. In addition to the B — D®[y; de-
cays, the B; — D§*>zy, decay mode is one of the best
choices for cross examination. Systematic theoretical
studies and experimental measurements of the
semileptonic decays of B; meson are therefore very im-
portant and should be performed promptly.

As illustrated by the Feynman diagrams in Fig. 1, the
B, — DYI*v; decays are closely related to the
B — D™y, decays via the SU(3) flavor symmetry. They
are all controlled by the same b — clv transitions at the
quark level, but with a different spectator quark: (u,d) or s
quark. As a consequence, in the limit of the SU(3) flavor
symmetry, these two sets of semileptonic decays must
have very similar properties. If the current anomalies in
B — D™Ily; decays are indeed induced by contributions
from NP, they must appear in the B; — D1y, decays. It
is therefore necessary and very interesting to study the
B, — DIy, decays and to measure the corresponding ra-
tios R(D(S*)) and other relevant physical observables, such
as PT(DE*)), F1(D}) and App(7), in order to check if simil-
ar deviations exist.

T

Fig. 1.
proach.

As is well known, the central issue for calculating
such semileptonic decays in the SM framework is the es-
timate of the values and shapes of the form factors
(F+0(¢%),V(g*),A012(¢%) for the B — D( ) transitions.
However, calculations of these form factors are not easy
and they cannot be estimated reliably in the whole range
of momenta ¢* carried by the lepton pair using a single
method, and their extrapolation is indispensable. There
are many traditional methods and approaches to estimate
the form factors and provide predictions of the ratios Rpo,
for example, the heavy quark effective theory (HQET) [4,
5], light cone sum rules (LCSR) [34—36], lattice QCD
(LQCD) [37—41] and the perturbative QCD factorization
approach (PQCD) [9, 10].

In recent years, the PQCD factorization approach has
been used to study various kinds of semileptonic decays
of B/B,/B. mesons, as given for example in Refs. [9, 10,
42— 48]. However, like in many other theoretical ap-
proaches, the form factors evaluated using the PQCD ap-
proach are only reliable in the low ¢> region. Therefore,
extrapolations must be done in order to cover the whole
range of ¢? values of the form factors fi(¢®). In order to
improve the reliability of the values and shapes of the six
form factors obtained in the PQCD approach, we include
the lattice QCD result at the end point ¢2,, so that the ex-
trapolation from the low ¢ region to the high g’region is
more reliable.

In Refs. [9, 10], the B — D™y, decays were studied
by employing the PQCD approach only [9], or with the
inclusion of the lattice QCD input [10]. In Ref. [42], the
B —» DIy, decays were studied by employing the
PQCD approach without the lattice QCD input. In this
paper, we study the semileptonic decays of B and B,
mesons simultaneously and focus on the following three
tasks:

(1) For the By — D' and B— D™ transitions, we
evaluate the relevant form factors in the region
0 < ¢* <mj using the PQCD factorization approach, and
then include the lattice QCD result at the end point ¢2,,,
in the fitting process and extrapolate the form factors in
the entire momentum region by employing the Bourrely-
Caprini-Lellouch (BCL) parametrization [49, 50] instead

T

B

(u,d,s)

(color online) Leading order Feynman diagrams for the semileptonic decays B(s) = Dy)l*v; with [ = (e,u,7) in the PQCD ap-
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of the pole models used in Refs. [9, 10, 42].

(2) In addition to the calculations of the branching ra-
tios and the ratios R(D®) and R(D™), we also calculate
three physical observables (which were not considered in
[9, 10, 42]) for the decays of B and B, mesons: the longit-
udinal polarization of the tau lepton PT(DE:‘;), the fraction
of DE‘S) longitudinal polarization F L(DE*S)) ,and the for-
ward-backward asymmetry of the tau lepton App(7) in the
ordinary PQCD approach and the “PQCD +Lattice” ap-
proach (i.e. the PQCD approach with the inclusion of the
lattice QCD input for the form factors).

(3) We present our theoretical predictions, compare
them with the available experimental measurements, or
the theoretical predictions obtained using other different
theories or models.

The paper is organized as follows: In Sec. 2, we
briefly review the kinematics of the BY — DIty decays.
The calculations of the form factors for the B? — D’
transitions are then given. We use the lattice QCD result
at ¢2,,, given by the HPQCD group [41] as input in our
extrapolation. Explicit expressions for the differential de-
cay rates and additional physical observables are also giv-
en in Sec. 2. In Sec. 3, we present the theoretical predic-
tions of the other physical observables obtained using the
PQCD approach, the “PQCD+Lattice ” approach and
some other models. A short summary is given in the final
section.

2 Theoretical framework
2.1 Kinematics and the wave functions

In the PQCD approach, the tree-level Feynman dia-
grams for By — Dg;lv decaysl) are shown in Fig. 1. We
define the B¢, meson momentum as p;, the D(S)/D’(“S)
meson momentum as p,, and the polarization vectors e r
in the Df at B, rest frames as in Ref. [51].

mp

(1,1,0,) S 0,)
p1r=—F1, ) p2=—"7w.n, ’
V2o V2 )

1 _
€L = $(7l+7—77 ’OJ_)9 ET:(O’O’I)’ (6)

while ¢, and er denote the longitudinal and transverse po-
larization of (D*, D) mesons, respectively. The paramet-
er = and r are defined as:

. / 1 7 Mp;)
n_:ni 772_1’ n:2_[1+r2_T]’ r=—, (7)
r m

m B,

where g = p; — p» is the momentum of the lepton pair. The
momenta of the spectator quarks in B, and DE:; mesons
are parametrized as

1) Throughout this paper the symbol B, describes both B=(B,,, B,) and B, mesons.

ki = 2B 0,3, k1)), = B
1=—=O,x,k1), ko=

T V2
where x; and x, are the fraction of the momentum carried
by the light spectator quark in the initial B/B; meson and
the final state meson D™/ D", respectively.

For the B/B; meson wave functions, we use the func-
tions from Refs. [51, 52].

1

(ean®,xom  kat), ()

Dp (x,b) = W( Ps, +mg,)ysbs, (x,b), ©9)
2 2 x Ml_z'im 1 2
¢Bm('x’ b) = NBm X (1 - X) "€Xp [ - 2 - _((/UB(\\ : b) .
2a)BM 2 ‘
(10)

The normalization factor N depends on the values of
the parameter wp, and decay constant fz  through the
normalization relation: fol dx ¢p, (x,b=0)= fp /(2 V6). In
order to estimate the uncertainties of theoretical predic-
tions, we set the shape parameter wp = 0.40+0.04 GeV
and wg =0.50+0.05 GeV.
For D(;) and Df; mesons, we use the same wave func-
tions as in Ref. [53]
i
CDD(,)([)’ x) = _7’5(1'5Dm + mDm)¢Dm(x), (1 l)
\/6 s
—i
N
+¢r(Pp;, +mp;, o) ()], (12)

with the distribution amplitudes

(DD(‘sy (p, x) = |:¢L(pD('.\> + mD:“)(]ﬁIb:\) (X)

DU)
() =—2 - 6x(1 = x)[1+Cpo (1 =2x)
¢D<w 2 \/8 [ D ]

xexp[—

: (13)

where we set the parameters Cp = Cp- = Cp, = Cp. = 0.5and
w = 0.1. From the heavy quark limit, we assume that

fho=1h =fo. fh=1h =t (14)
¢g, = ¢1T)* = ¢, ¢%); = ¢£; =¢p;. (15)

w?b? ]

2.2 Form factors in the PQCD approach

The form factors of the B() — D, transition are
defined in the same form as in Ref. [54]

2 2
my —m
) Dy

(D5 (p)IEYy,b(O) B (1)) = | (p1+p2)yi - &T .

2 _ .2
mB(s)

D,
X Fi(q") + — g W

Fo(q®). (16)

In order to cancel the poles at ¢> =0, F,(0) should be
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equal to Fy(0). For convenience, we also define the auxil-
iary form factors fi(¢?) and f>(¢?),
(D (pIE0)y b OBy (1)) = fi(@)pr + fo(g )P (17)

which are related to F,(¢%) and Fo(q®) by the following
relations,

1
Fo@®) =5fi(g") |1+ —

B, Dy,

2

q
1+ —1
o

1
+ 5f2(¢]2)

2

- 2‘1—2} . (19)
"5, ~ ™MD,

For vector meson DZ‘S) in the final state, the form

(18) factors for B(;) — Dj,) transitions are V(g?) and Ag12(4°) ,

1
Fo(?) =~ 2y (@A),
) 2 [fl @)+ 12l )] which are given in the following form [54] :

s _ 2%V 2
<D(.y)(172)|C(0)}/,,b(0)|B(S)(p1 ) = ﬁ

(s) (s)

fyvaﬁe*vpc]k > (20)

% - €-q ., €-q
(D} (p2)IE0)y,ysb(O)B(s)(p1)) =2mp; Ao(g?) p q,l+(ms(\,+mD;,)>A1(q2>(e,l— p qﬂ)
N me —m2
€ -q B, Dy,
— Ay —————|(p1+ P2y — ———4,|. 21
2(q )mBm — (p1+ P2y 7 Clu} (21)

The analytical expressions for the form factors mentioned above are the following:

filg =87Tm129(\)CFfdxldXZfbldblb2db2¢3m(xlsbl)¢D‘,r>(x2,b2){[2”(1_rxz)]'Hl(tl)

2 2
+|2r(2r.—r) +x1r[—2 +2n+ P = 1- n;’_ - + \/:2__1” ‘Hz(fz)}, (22)
H(d*) = SHm%(\)Cp fdxldxz fb]db1b2db2¢3(>\,(xl »b1)pp,, (x2,b2)
X { [2—4xr(1 =] Hi(1) + [4}’—2&- - xi+ J:;__le - n)} : Hz(tz>}, (23)

where the mass ratios are r. = m./mp_, r =mp_[mp,.

X
r+ z\/ﬁ] . Hz(lz)}, (24)

Aalg?) =8y Cr [ ande [ bldblbzdbm%(xl,b1)¢g;)<xz,bz>{ [1+r—rx@+r-2p]- Hi(t)
r2+rc+ﬂ+ Mmoo, M (1—2)7(77+ ‘/nz—l))
2 2P-1 24P-1

.
1@ sy Cr [ dxides [ bidbibadbagn, (b, (b

X {2[1 +1=2rxy +rnxy] - Hi(t) + [2rc + 2nr — x1] - Hz(tz)}, (26)

V(g*) = 8rmj, Cr f dx;dx; f b1dbibydbagp, (x1,b1)¢p, (2,b2)- (1 +r){[1 —rxo] - Hy(ty) +

+

'Hz(tz)}, (25)

1+r)(m-r
Aol =D ) =8y Cr [ dxids [ bidbubadbad, (x1.b0) -0 (5.

1+r
-1

X{[(l +m(1=r)=rxo(1=2r+n2+r-2m)]-H (1)

1
r+re—r)—nrt +ran’ - %(m r)+ X1 (nr— 5) N 1} -Hz(tz)}, 27)

+
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where the color factor is Cr =4/3, the mass ratios are
re =mefmg,, r=mp; [mp, and the functions H;(z;) are in
the following form

Hi(t;) = hi(x1,x2,b1,b2) - as(t;) exp [=S ap(t;)], for i = (1’(22)8

The explicit expressions for the hard functions
hi(x1,x2,b1,b,), hard scales f; and the Sudakov factors
[-S 4s(2;)] are given in the Appendix.

2.3 Lattice input at g2,

The lattice QCD has advantages in calculating the
form factors for large ¢> , and it is generally believed that
the lattice QCD predictions close to or at ¢2,, are reli-
able. In this work, we make use of the lattice QCD pre-
dictions of all relevant form factors at the endpoint g2,
as the additional input in the fitting process, so as to make
the extrapolation of these form factors from the low ¢ re-
gion to ¢2,,, more reliable.

The form factors used in the lattice QCD are paramet-
rized as follows [55, 56]:

(D(s)|cVEb|B(s)) = \Jmp_mip [he (W) (v + V'V +h_(w) (v -],

(D(,)leV¥blBs)) = \/Wis'“:?gejvpu"fhv(w),

(D |eA bIB(y) = s iy € [ (1 +w)ha, (w)
V" (@ ha, (W) + v ha (W),

where v = pg, /mp,,v" = ppo/mpe, the velocity transfer is
w=v-v/, and € is the polarization vector of the Df,
meson. With a simple transformation, we can relate them
to the form factors used in our work:

29

1
Fi(d) = N [(1+P)hs(w) = (1= Ph-(W)],

1+w w—1

Fo(g®) = r ho(w)— h-(w)|, (30)
1+r l—r

where w = (m +mj, —q°)/(2mp, mp,), and

oy L4r
Vg = 5 v

1
Ao(gh) = N [(1+w)ha, (W) = (1 =wr)ha, (W) + (r = w)ha, (W)],

Av(g?) = l—fr(l +W)hy, (W),

L o () + B (),

Ar(gh) = W

€1y
where w = (mém + sz:‘) -/ (2mp, mp; ).
At the end point ¢* = ¢2,,,, we have

hy(1) = hy (1) = ha (1),  ha,(1) =0,

(I-7)
A1) = (1+71)

Therefore, the relevant form factors at the endpoint g2,

ha, (1) = F (1),
h-()|=G(1).

w=1, (32)

become:
1+r
Fi(g?..) = 1),
+(qmax) 2\/;g( )
1 1+
V(qrznax) = AO(Qrznax) = AZ(‘Irzndx) = = _r?(l)

AlGhax)  2VF
(33)
Using the formulas above and including the lattice input
[41, 57]
GPP(1) =1.033 £0.095,
FB=P"(1) =0.895 £ 0.010 + 0.024,
G2 =P(1) =1.052 £ 0.046,
FB~Di(1) =0.883 £0.012 +0.028, (34)

with the relation between Fy and F, near the endpoint
q>.x evaluated in Ref. [57]:

FE=PIFB~>P =0.73 £0.04,

FE=PpB=P 20772002, (33)

we find the following values of the relevant form factors
at the endpoint ¢2,,,:

FEP(2.) = 0.86+0.08, ng_’D\ (¢%) = 0.91£0.05,
FB2P(gh 0 = 1.17£0.10, F¥™P (g}, =1.19£0.05,
VI (Gha) = 1.01£0.05, VEPi(gp,) = 0.98+0.05,

AF7P (gha) = 1.01£0.05, Ag ™ (g4 = 0.98 £0.05,
(@Ra) = 0.79+0.04,

AB2P (g2, = 0.80£0.04, AP
(gPa) = 0.98 +0.05.
(36)

AB=D (2.0 = 1.01£0.05, AS™P

The uncertainty of the form factors comes from the
errors of G(1) , given in Eq. (34), is around 5% ~ 10%,
while the uncertainty of #(1) is around 2%. We set con-
servatively a common error of 5% for the form factors
V,Ao12 in Eq. (36), which takes into account the small
variations of the central values of G(1) and #(1) in recent
years [41, 55-57].

2.4 Extrapolation and differential decay rates

We know that the form factors calculated in the
PQCD approach are only reliable in the low ¢ region. In
order to cover the whole momentum range m? < ¢* < g2,
we have to perform an extrapolation. In order to improve
the reliability of the extrapolation, we also use the values
of the form factors at the endpoint ¢2,, evaluated in lat-
tice QCD.

In the previous works [9, 42], we used the pole mod-
el parametrization [58] to perform the fit. In this work,
we use the Bourrely-Caprini-Lellouch (BCL) parametriz-
ation [49] instead, and match it to the lattice input to im-
prove the reliability of the extrapolation. We use our
PQCD predictions of the form factors fi(¢%) at sixteen
points in the interval 0<¢?> <m? , and the lattice QCD

T 9
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value as an additional input at the endpoint ¢2,,,. Analog- momentum dependence of the form factors, and the
ous to Ref. [50], we consider only the first two terms of branching ratios of the semileptonic decays By — Dg;lv
the series in parameter z: can be calculated. The quark level transition in these
1 LI semileptonic decays is b —clv with the effective
fi(0) T Z al 2(t,1) Hamiltonian [59]
R k=0
(o NEEI- TR Hor(b - cly) = f—; o &L= y9)b- TP (1 =ys)vi,  (39)
_—2(a +a! —) (37) 2
1 =t/mp Vie — 14 N —lo where Gp = 1.16637x10°GeV~2 is the Fermi constant.
with The differential decay rates of the decay mode
( F ) B(s) = D(5lv can be expressed as [60]:
0=t |1-,/1—-—|<1, (38) 2
[ dF(B(S) —>D(S)IV) _ G%|Vcb|2 ( mlz) 11/2(q2)
where 1 = ¢°, t. = (mp,, imngj;)z, and my are the masses of dg? B 1927r3m%m q> 24>

the low-lying resonances. The optimized value of 7y is 2 o ) \2 .
chosen to be the same as in Ref. [50]. Since the choice of X {3’"1 (mBu) _mDm) [Fo(q)

mg depends on the ch:clrged currents _of sem'il.eptonic de- + (m12 +2q2) AP F+(q2)|2}, (40)
cays, i.e. of the b — cly; or the b — uly; transitions, we use

the same set of mp as in Ref. [50], where the B.— where m; is the mass of leptons e, u or 7, and A(¢*) =
(e, J /)1y, decays have the same quark level b — cly, (mém+m%,m—q2)2—4m23(x)m3&) is the phase space factor.
transitions as in this paper. For the decay mode B(,) — Djlv, the differential de-

With these extrapolations, we have access to the full cay widths can be written as [58]:

. 2
By = D) _ GElVal® ( m Y\ 2'2@) [ 00 o 00s
2 - 3 - _2 2 . m] (q ) O(q )
dg 192m3m B, q 2q
2 2 2 2y7?
mi+2q [, 2 _ 2 2, AlgT)Ax(q7)
" 4m% (mBm - mD«‘.n 4 )(mB‘” + mDZ-s>)A1 (q )= mg, + mp;, ’ (41)
. 2 2422
dCr(By = Dy GRlVal ( m2Y iy 5y | Vi (ms,mp,) AN
- = o || 4 (@) (m; +24°) S+ TS : (42)
q 92mimy q (mBm +mD:”) (a*)
with the phase space factor A(¢%)= (m%u +m2. —¢?)*—  system the direction of the B momenta is along the z axis,
4my, mj, . The total differential decay width is defined as: ~ and the 7 momentum lies in the x~z plane. Here, we use
X dr dr; dry the same definition:
dg* dg* dg . D) -T-(D)
PT(D(S)) = ® BN (44)
2.5 Additional physical observables P, F(D7,) and (D) + (D)

(s)
AFp(T) ’ ) %)=

where I'.(D,()) denotes the decay rate of B(y) — Dj7v;
Besides the decay rates and the ratios R(X), there are it the ¢ lepton helicity of +1/2. The explicit expres-

three additional physical observables for the B/B;
semileptonic decays: the longitudinal polarization of the
tau lepton Pr, the fraction of Dj, longitudinal polariza-

sions for I',. in SM can be found in the Appendix of Ref.
[64]. For B(;) — D57V, decays, we find

tion F(Dy,)) and the forward-backward asymmetry of the dr.  GilVal* , 7 o1 m2\> m2 B2 4 32
tau lepton App(t). These physical observables are sensit- dg? 192,r3m% 4 @)1= ? 2_512( vo* vy )
ive to new physics beyond SM [2, 61, 62]. Y (45)
As for the definitions of these physical observables,
we follow Refs. [31, 63, 64]. For the 7 longitudinal polar- ar.  GilVel , m2\? 5
ization, for example, the authors of Refs. [31, 63] used d_qz = 192753m3 q V/l(qz)(l - q_ZT) (H\S/,O)' (46)
B,

the Q rest frame, where the spatial components of the mo-
mentum transfer Q = pg— py; vanish. In this coordinate For B(;) — DZ‘S)TT/T decays, we have
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dr.  GilVal , (1 m2\> m?
a2 102wy N ) 5
B,

x (Hy, + Hy_+ Hyo+3Hy,), (47)
dr- G%*|Vcb|2 2 m2 : 2 2 2
G ™ Toamg NP1~ ) (o).

(43)

where the functions (Hy,, Hy,, Hy+, Hy, Hy,) can be writ-
ten as combinations of the six form factors defined in
Egs. (18), (19), (22)-(27):

Hio(@) = E]" D p . (49)

2 2

m m
H () = —2—L0 Fy(g?) (50)
V,l \/q—z 0 s

VA(g*)

B(\) mDZA)

Hy.(q%) = (mp, +mp; )A1(¢*) F Vigh), (1)

Hyo(q*) = (mp, —mp. —gHAIG)

mp,, +m [
2mp, NP
/1(6]2)142(612)
(mB +mp, )2

Hyg?) = | ;q 9D 4. (53)

The phase space factor A is the same as in Eqgs. (40)-
(42).

The fraction of Dy, longitudinal polarization F7(Dj)
is defined using the secondary decay chain D — D,n
of the semileptonic B/B, decays. It is given in the form
[64]:

(52)

FO
[O+r+H 4017
and the corresponding differential decay rates have the
following form:

ars! G|V

232 2
= E 2 Jad|1-2=) 1+ 22 ) a2
dq2 l927r3m% )q (q )( qz 2q2 ( V,i),

Fu(D,) = (54)

(55)
0 2 2 2,2
dL:GFIVchI q2 ’/l(q2)(]—&)
dq? 1927T3m%‘ q*
2
3m
V0+2 2’1#} (56)

The 7 lepton forward-backward asymmetry App(t) is
more complicated since it is defined in the 7v rest frame.
The explicit expression is [64]:

1 0
dr dr
dcosf— dcosf 2)dg?
_j; dcosé cos Ir dcosé €08 B fbg(q )dg

1
I T
f d dcosé Bo
_1dcosé
(57)

where 0 is the angle between the 3-momenta of T and the
initial B or B, in the 77 rest frame. The function by(¢?) is
the angular coefficient which can be written as [64]:

b}

G2|Vp? m2\> m2
Bn)
(58)
A G2|Vp? m2\’
B2y =2 F : [ 2(1__7)
0 (q7) 128ﬂ3m;\7q (g%) 7

1 m?
[5(% —-Hy )+ q—;(Hv,oHv,t)} . (39
With the above definitions and formulas, we are now
ready to present our numerical results and a phenomeno-
logical analysis.

3 Numerical results and discussion

In the numerical calculations, we use the following
parameters (masses and decay constants are in units of
GeV) [28, 29, 65, 66]:

mp =528, mp =5367, mp,=1.865 mp =1870,
mp, =2.007, mp. =2.010, mp =1.968,
mp, =2.112, m.=1.777, m,=1.2753%%3
fp=0212, fp =0249, fg =0.187, fz =0.191,
fs,= 0227, |Vgp|=(422+0.8)x107, 75 = 1.638ps,
75, = 1.520ps, 75 =1.509ps, fp- = (1.078 £0.036)- fp,
for = (1.087£0.020) - fp , A%‘” =0.287.

(60)

3.1 Form factors

It is obvious that the theoretical predictions of the dif-
ferential decay rates and other physical observables for
the considered semileptonic B/B; meson decays strongly
depend on the form factors Fo.(g?), V(¢?) and Ag12(¢?).
Speciﬁcally, Fo+(q?) controls the process B(s) — Dylv ,
while V(g% and Ag;.(¢*) play key roles in the process
By — Dilv;. The value of these form factors at ¢>=0
and their ¢* dependence in the range 0 < ¢* < ¢2,, con-
tain a lot of information about the relevant phys1ca1 pro-
cesses.

In Refs. [9, 51, 53], the applicability of the PQCD ap-
proach to (B — D™) transitions was examined, and it was
shown that the PQCD approach with the inclusion of the
Sudakov effects is applicable to the semileptonic decays
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B — D™y in the low ¢? region. Therefore, we present
our predictions of the form factors at ¢> = 0 in Table 1.

It can be seen from Table 1 that the form factors for
B— D® and By — D transitions are very similar at
¢* =0, which implies that the effect of SU(3) flavor

symmetry breaking is small, less than 10%. In order to
cover the whole ¢ region, an extrapolation of the form
factors has to be made from ¢*> = 0 up to ¢* = g2, In this
work, we make the extrapolation using two different
methods.

Table 1. Theoretical predictions of the form factors at ¢> = 0 using the PQCD approach with BCL parametrization [49, 50].

Fo.n(0) V(0) 40(0) 4,0 A2(0)
Bt — DO 0.53+0.10 - - - -
B’ - D~ 0.54+0.10 - - - -
B - D} 0.52+0.10 - _ _ ~
B* — D* - 0.64+0.11 0.49+0.08 0.51+0.09 0.54+0.09
BY - D* - 0.65+0.11 0.50+0.09 0.52+0.08 0.55+0.10
BY — D~ - 0.64+0.12 0.48 +0.09 0.50+0.09 0.53+0.11

(1) The first method is analogous to that used in Refs.
[9, 42]. We first calculate the form factors at several
points in the lower region 0 < ¢> <m? using the expres-
sions in Egs. (22)-(27) and the definitions in Egs. (18),
(19). In the fitting process, we use the BCL parametriza-
tion formula given in Egs. (37), (38) instead of the pole
model parametrization used in Refs. [9, 42].

(2) The second method is the “PQCD+Lattice” meth-
od, similar to Ref. [10]. Since the lattice QCD results for
the form factors are reliable and accurate at ¢> = ¢2,,, , we
take the lattice QCD predictions of the form factors at the
endpoint ¢2,,, as an additional input in the fitting process.
In order to match the lattice input, we use the BCL para-
metrization [49, 50] for extrapolation.

In Figs. 2 and 3, we show the theoretical predictions
of the ¢*> dependence of the six form factors for
B* — (D°,D*%) and B, — (D;,D!") transitions, obtained
by employing the PQCD approach (blue solid curves) and
the “PQCD + Lattice” method (red dashed curves). The
blue and red bands show the theoretical uncertainties. As
a comparison, we also show the central values of the
PQCD predictions of the form factors (orange dashed
curves) with the pole model parametrization [9, 42, 58].
One can see from the theoretical predictions listed in Ta-
ble 1 and illustrated in Figs. 2 and 3 that:

(1) The form factors for B — D™ and B; — D trans-
itions have very similar values in the whole ¢* range due

BB - D;t%v,) = { ~023

-0.13

BB - DIy = { 0

0.72+932(wp ) £ 0.03(V,p) £ 0.02(mc),
0.63*%17(wp ) +0.03(Vep) +0.02(m,),

1.97088 (0 ) +0.08(Vp) 0.03(m,),
1.84707(wp,) £0.08(Vep) £ 0.03(m, ),

to the SU(3) flavor symmetry.

(2) The differences between the theoretical predic-
tions of the form factors in the traditional PQCD ap-
proach and the "PQCD+Lattice" method are small for
low ¢? and remain moderate for large ¢* , in particular for
Fo+(¢q%) and Ag12(¢%). For V(¢?), the difference is more
pronounced for large ¢*. For the B — D* transition, we
found V(10.71) ~1.53 (1.06) in the PQCD approach
(“PQCD + Lattice” method). For the B; — D7 transition,
we found a very similar result.

(3) The difference between the PQCD predictions of
the central values of the form factors obtained using the
traditional pole model and the BCL model is very small
in the region ¢> <8 GeV’. The largest differences in the
region near ¢2,, are AF,(11.55) = 0.59 (i.e, about 31% of
F.(11.55) = 1.89 in the pole model), and AV(10.59) = 0.36
(i.e. about 19% of V(10.59) = 1.89 in the pole model) for
the B, — D' transition, as illustrated in Fig. 3.

3.2 Branching ratios and the ratio of Brs

Inserting the obtained form factors in the differential
decay rates given in Egs. (40)-(43), it is straightforward
to integrate over the range m; < ¢* < (mp, —mpq)>. For
the four semileptonic decays B°— D\’t*v, and
By — DPI*y, with I* = (e*,u*), the theoretical predic-
tions of the branching ratios are the following:

PQCD,

(61)
PQCD + Lattice,
PQCD,

(62)
PQCD + Lattice,
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B(BY - D ttv;) = { 039

BB — Dy I*v) = { o

-0.98

where the theoretical errors come mainly from the uncer-
tainties of the input parameters wp =0.50+0.05 GeV,
[Vep| = (42.2£0.8)x 107 and m, = 1.275*3023 GeV. Errors
from the uncertainties of the decay constants of the ini-
tial B, and the final D" mesons are small and have been

neglected. In Table 2, we list our PQCD and “PQCD+

145404 (wp ) +0.06(V,) +0.06(m,.),
120702 (wp,) £ 0.05(Vep) +0.02(m,),

5.04+180(wp ) £ 0.20(V,p) + 0.16(m,),
4.42+12%(wp ) +0.17(V,p,) +0.06(m,),

2.0 T T T T "
—— PQCD

15F ——-- PQCD-+Lattice ]
----- - PQCD(Pole)

9*(GeV?)
2.0 - -
—— PQCD
15f === PQCD+Lattice ]
e - PQCD(Pole)
< 1.0} ]
> S ——— °
L—u__.wﬁﬁ-::= —————
0.5 ]
(e)
0.0 : '
o 2 4 6 8 10 12
q?(GeV?)

Fig. 2.

PQCD,

(63)
PQCD + Lattice,
PQCD,

(64)
PQCD + Lattice,

Lattice ” predictions of the branching ratios of the
semileptonic decays of B, where the total errors are ob-
tained by adding the individual errors in quadrature. As a
comparison, we also show predictions of some other the-
oretical approaches in the SM framework. Unfortunately,
there are no experimental results available at present. In
Table 3, we show the theoretical predictions of the ratios

2.0 T T T T "
—— PQCD
15k ===—- PQCD-+Lattice -]
PQCD(Pole) g
:,srﬁ_.,.-o-«-"’.:‘-l-;.

()
2 4 6 8 10 12
9*(GeV?)
—— PQCD
_____ PQCD+Lattice ]

----- - PQCD(Pole) -

(D
2 4 ° 8 10 12
*(GeV?)
2.0 . ,
— PQCD
1.5p 7 PQCD-Lattice ]
----- - PQCD(Pole)
of .
-.—p.a-r-.l.ﬁ‘.‘-' _________
05F" |
(H
0.0 . |
0 2 4 6 . - J

*(GeV?)

(color online) Theoretical predictions of the ¢*> dependence of the six form factors for B — (D,D*) transitions in the PQCD ap-

proach (blue solid curves) and the “PQCD+Lattice” method (red dashed curves) using the BCL parametrization [49, 50]. The orange
dashed curves denote the PQCD predictions using the traditional pole model [9, 42, 58].
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Ao(q®)

2.0 - -
—— PQCD
15} === PQCD+Lattice
e - PQCD(Pole)
N
\Es 1.0f
0.5
(a)
0.0 . '
b P 4 6 8 10 12
G*(GeV?)
2.0 - - ' ' '
—— PQCD
P — PQCD+Lattice
e - PQCD(Pole) .~
& 1.0} S— " oo
> _‘.ﬁ: -----------
0.5}
(©)
0.0 . '
o 2 4 6 8 10 12
G?(GeV?)
2.0 - -
—— PQCD
15f === PQCD+Lattice
..... - PQCD(Pole)

A2(q)

q*(GeV?)
(color online) Theoretical predictions of the ¢?dependence of the six form factors for BY — (D7, D?") transitions in the PQCD
approach (blue solid curves) and the “PQCD++Lattice” method (red dashed curves) using the BCL parametrization [49, 50]. The or-
ange dashed curves denote the PQCD predictions using the traditional pole model [9, 42, 58].

Fig. 3.

of the branching fractions R(D,) and R(D?) defined in the
same way as R(D™):

B(Bg — D;77vy)

R(Dy) =
D) B(B® - D;I*v)
0.009
~ { 03650009 PQCD, ©5)
- 0.024 :
0.341 io.ozs’ PQCD + Lattice,
.. B(BY— D1ty
RIDY) = 6 m
B(By — D7 ITvy)
0.008
_[ 0287354, PQCD. ©6)
0.271*0913 PQCD + Lattice,

where / denotes an electron or a muon.
Following the same procedure as for B, decays, we

2.0 ; - ' ' '
—— PQCD
1.5} === PQCD-+Lattice
PQCD(Pole) ~
10F et ]
0.5 r-tr"""-ﬂ}
(b)
0.0 : '
o 5 4 6 8 10 12
G*(GeV?)
2.0 - -
—— PQCD
15f ===-- PQCD+Lattice

----- - PQCD(Pole) ]

G*(GeV?)

2.0 y N

— PQCD
15f === PQCD-+Lattice

..... - PQCD(Pole) s
1.0 e »

.—-ﬂ-""ﬁ”‘“"— ---------
0.5
®
0.0 .
0 2 4 6 8 10 12

7*(GeV?)

calculate the branching ratios and the ratios R(D™) for
B — (D,D*)(I*v;,7*v;) decays. The numerical results are
listed in Table 4 for the branching ratios and in Table 5
for the ratios R(D) and R(D*). In the estimate of the er-
rors, wg = 0.40+0.04 GeV was used.

From Tables 2 — 5, the following points can be noted:

(1) For the semileptonic decays B — D™I*y; with
I=(e,u,7), the “PQCD+Lattice ” predictions of the
branching ratios and the ratios R(D™) agree with the
available experimental data within errors. This can be
viewed as evidence of the reliability of the “PQCD+Lat-
tice” method for calculating semileptonic decays of B
meson.

(2) For the four B; decay modes and the eight B de-
cay modes, the "PQCD+Lattice" predictions of the
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Table 2. Theoretical predictions (in units of 1072) of the branching ratios of the semileptonic decays of B, with [ = (e, ), obtained using various theor-

etical approaches [42, 67-73].

Approach B(BY — D;I*v)) B(B? — Dy1tv;) BB — D" Iv) B(BY - D" 1ttvy)
PQCD 1.97+082 0.72+032 5.047142 1.45+046
PQCD+Lattice 1.84+077 0.63+017 442002 1.20*9:2¢
PQCD[42] 2.13712 0.8470-38 4.7671 87 1.44702)
IAMF[67] 14-17 0.47-0.55 5.1-5.8 12-1.3
RQM[68] 2.1+0.2 0.62+0.05 53405 13+0.1
LCSR[69] 1.0%04 0.33+014 - -
LFQM[70] - - 52+0.6 1.3702
CQM[71] 2.73-3.00 - 7.49-17.66 -
QCDSR[72] 2.8-3.8 - 1.89-6.61 -
Lattice[73] 2.013-2.469 0.619-0.724 - -
Table 3. Theoretical predictions of the ratios R(Dy) and R(D5) obtained using various theoretical approaches [42, 68-70, 73].
Ratios PQCD PQCD+Lattice PQCD[42] RQM[68] LCSR[69] LFQM[70] Lattice[73]
R(D,) 0.365+0:099 0.341+0:024 0.392(22) 0.295 0.33 - 0.2990037
R(DY) 0.287+30% 0.271+0015 0.302(11) 0.245 - 0.25 -
Table 4. PQCD and “PQCD-+Lattice” predictions of the branching ratios (in units of 1072) of the eight semileptonic decays B — D™ 7*v, and

B — D™[*y; with [ = (e,ir). As a comparison, the previous “PQCD+Lattice” predictions [10], the SM predictions based on HQET [11], and the world

average of the measured values given in PDG 2018 [65] are also shown.

Channels PQCD PQCD-Lattice PQCD[10] HQET[11] PDG[65]
B* - D'rtv, 086032 0.69*01; 0.95+037 0.66+0.05 0.77+0.25
B* — DIy, 2.29702) 2.1070% 2.197022 - 2.20£0.10

Bt - DOrty, 1.60*037 134103 147408 1.43£0.05 1.88+0.20
B* - DIy, 5.53*143 4.897121 4.871140 - 4.88+0.10
B> Dty 0.82%033 0.6270.19 0.87%034 0.64+0.05 1.03£0.22
B — DIty 2.19*921 1.9570.17 2.03+0:92 - 2.20£0.10

B > D" ttv, 1531031 1.25702 1.3603% 1.29£0.06 1.67£0.13
B - DIty 532413 4.637)5 4524151 - 4.88+0.10

branching ratios are generally smaller than the conven-
tional PQCD predictions, but the differences are relat-
ively small, less than 20%. The predictions also agree
with the previous PQCD predictions given in Refs. [9, 10,
42] within the still large theoretical uncertainties.

(3) For the ratios R(Dy) and R(Dy), the theoretical er-
rors largely cancel, and the PQCD and "PQCD+Lattice"
predictions have a very small error, only about 5%. These
predictions could be tested in the near future by the LH-
Cb and Belle-II experiments.

(4) For the branching ratios, the predictions of the dif-
ferent theoretical approaches can be somewhat different
for the same decay mode, but they still agree within er-
rors, since the theoretical uncertainties are large. For the
ratios R(D) and R(D*), our “PQCD+Lattice” predictions
agree with the average of the SM predictions obtained by

HQET and the lattice QCD input for the form factors
[3-6, 29].

(5) Comparing the two sets of ratios (R(D),R(D;)) and
(R(D*),R(DY)), listed in Tables 3 and 5, one can see that
the SU(3) flavor symmetry is well preserved in the PQCD
and the "PQCD+Lattaice" approaches. This point could
also be tested by experiments.

3.3 P«D{)), FL(D;,) and App(7)

Besides the branching ratios and the ratios R(X), we
consider three additional physical observables: the longit-
udinal polarization of the tau lepton PT(DEﬁ))), the fraction
of Da) longitudinal polarization F L(DE‘S)) and the forward-
backward asymmetry of the tau lepton Apg(r). These
quantities could be measured by the LHCb and Belle ex-
periments, and may be sensitive to new physics [2, 31,
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Table 5. PQCD and "PQCD+Lattice" predictions of the ratios R(D) and R(D*). As a comparison, the previous "PQCD+Lattice" predictions given in
Ref. [10], the average of the SM predictions given in Ref. [29], measured values reported by the BaBar, Belle and LHCb collaborations [1, 24, 25],
and the world averaged results from HFLAV group [29] are also shown.

Ratios PQCD PQCD+Lattice PQCD[10] SM[29] BaBar{1] Belle[24] LHCb[25] HFLAV[29]
R(D) 0.376+5011 0.32470:029 0.337(38) 0.299(3) 0.440(72) 0.307(40) - 0.340(30)
R(D") 0.28870.908 0.272+0013 0.269(21) 0.258(5)  0.332(30) 0.283(23) 0.291(35) 0.295(14)

Table 6. PQCD and "PQCD+Lattice" predictions of PT(D(*)), F L(DE‘S)) and Arp(7). The SM predictions and the measured values are also listed.

(s)

Observable Approach B = D tty, BY — Dyttv, B’ = D" tty, BY - Dty
PQCD 0.32(1) 0.31(1) ~0.54(1) ~0.54(1)
PQCD+Lat. 0.30(1) 0.30(1) -0.53(1) -0.53(1)
PT(DE:;) SM[31] - - —0.497(13) -
SM[32] 0.325(3) - -0.508(4) -
Belle[20] - - -0.38+0.51702 -
PQCD - - 0.42(1) 0.42(1)
PQCD+Lat. - - 0.43(1) 0.43(1)
FL(D{,) SM[33] - - 0.457(10) -
SM[32] - - 0.441(6) -
Belle[30] - - 0.60+£0.08 +0.04 -
PQCD 0.35(1) 0.36(1) -0.085(2) -0.083(2)
App(7) PQCD+Lat. 0.36(1) 0.36(1) ~0.054(2) -0.050(2)
SM[32] 0.361(1) - ~0.084(13) -

61-63]. Investigation of these physical observables may
provide new clues for understanding the R(D™) puzzle,
and it is therefore necessary and interesting to calculate
them.

In Refs. [31-33], these three physical observables
were calculated in the SM framework, and possible new
physics effects were studied. We calculate these observ-
ables in the PQCD and “PQCD+Lattice” approaches us-
ing Eqgs. (44)-(59), and show the numerical predictions of
PT(DE’;;), F L(DE‘S)) and App(r) in Table 6. The measured
values of P.(D*) and Fp(D*) [20, 21, 30] given in Egs.
(4), (5) are also listed in Table 6. As a comparison, we
also show the SM predictions of these physical observ-
ables given in Refs. [31, 32].

From the results listed in Eqgs. (4), (5) and in Table 6,
the following points can be noted:

(1) The uncertainties of the theoretical predictions of
the physical observables PT(DEB), F L(DE*S)) and Agp(7) are
very small compared to the branching ratios, since the
theoretical uncertainties largely cancel in the ratios.

(2) The PQCD and “PQCD+Lattice” predictions of
the physical observables PT(DEj;), F(D{,)) and App(7) for
B(sy = D(7*v; decays are very similar: the difference for
a fixed decay mode is less than 5%. For App(t) of the
B(s) = D7 v, decays, however, the difference is about

()
40%. The reason is the definition of the angular coeffi-

cient function bé,D )(¢%), where the term (H}, -H} ) in

Eq. (59) can be moderately changed by the high ¢* beha-
vior of the form factors in the PQCD and “PQCD+Lat-
tice” approaches. Clearly, a precise experimental meas-
urement of the forward-backward asymmetry App(7) in
the B, — Df,"v; decays could be of great help to test
and improve the factorization models.

(3) For P.(D*) and Fr(D*), our theoretical predictions
agree with the measured data within errors, partially due
to the still large experimental errors. For all decay modes
considered, the PQCD and “PQCD+Lattice” predictions
of the three physical observables are consistent with the
other approaches in the SM framework. We expect that
these physical observables could be measured with high
precision in the future by the LHCb and Belle-11 experi-
ments, which could help to test the theoretical models or
approaches.

4 Summary

In this paper, we studied the semileptonic decays
B — Dggl*vl in the SM framework by employing the
conventional PQCD factorization approach and the
“PQCD+Lattice” approach. In the second approach, we
took into account the lattice QCD results of the relevant
form factors as input for the extrapolation from the low ¢>
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to the endpoint ¢2,.. We calculated the form factors
Fo+(q%), V(g?) and Ag 1 2(¢?) of the By — DE?; transitions,
provided the theoretical predictions of the branching ra-
tios of the B/B, semileptonic decays and of the ratios
R(D™) and R(D”). In addition, we also gave our theoret-
ical predictions of the additional physical observables: the
longitudinal polarization of the tau lepton PT(DS;), the
fraction of Dj,, longitudinal polarization F1(D[,)) and the
forward-backward asymmetry of the tau lepton Agp(7).

From the numerical calculations and phenomenolo-
gical analysis we noted the following points:

(1) For the twelve B/B; semileptonic decay modes
considered, the "PQCD-+Lattice" predictions of the
branching ratios are generally smaller than the conven-
tional PQCD predictions, but the differences are relat-
ively small, less than 20%. The “PQCD+Lattice” predic-
tions of the branching ratios and the ratios R(D™) agree
with the available experimental measurements within er-
rors.

(2) For the ratios R(D;) and R(D), the PQCD and
"PQCD+Lattice" predictions are the following:

0.365*09% ° pQCD,
R(Dy) = 0.024 (67)
0.34170922 PQCD + Lattice,

Appendix: Relevant functions

In this appendix, we present the explicit expressions for some
functions which have already appeared in the previous sections.
The hard functions 4; and A, come form the Fourier transform and
can be written as:

hi(x1,x2,01,02) =Ko(B1b1)[0(b1 — b2)lo(a1b2)Ko(a1b1)

+0(ba —bi)lo(@1b1)Ko(a152)]S 1(x2), (A1)
ha(x1,%2,b1,b2) =Ko(B201)[0(b1 — b2)lo(a2b2)Ko(a2b1)
+0(b2 — bi)lo(@2b1)Ko(a2b2)]S 1(x2), (A2)

where K and I, are the modified Bessel functions, and

- - / 2 -8, =
@1 =mp, Nx2rt, @y =mp Xt =ri+ g, 1 =2 =mp VX1t

(A3)
The threshold resummation factor S,(x) is adopted from Ref.
[74]:
_2121(3/2+0)
T VAl +o)

i [x(1 =0l (A4)

and here we use ¢ =0.3.
The factor exp[—S.(¢)] contains the Sudakov logarithmic cor-

0.287+00%. PQCD,
R(D*) — 0.011 (68)
* 0.27170913 " PQCD + Lattice.

They agree with the other SM predictions based on differ-
ent approaches. These predictions could be tested by the
LHCb and Belle-II experiments.

(3) For most of the observables PT(DES), F L(D(*ﬂ) and
App(t), the PQCD and “PQCD+Lattice ” predictions

agree, and the difference is less than 5%. The relatively

large difference of App(r) in the B — DE*S)TWT decays
can be reasonably explained.

(4) For P.(D*) and Fr(D*), our theoretical predictions
agree with the measurements within errors. For all decay
modes considered, the PQCD and “PQCD+Lattice” pre-
dictions of these physical observables are consistent with
the results of the other approaches in the SM framework.
The LHCb and Belle-II experiments could help to test the
above theoretical predictions.

We wish to thank Wen-Fei Wang and Ying-Ying Fan
for valuable discussions.

rections and the renormalization group evolution effects of the

wave functions and the hard scattering amplitude with

Sap(®) =S M) +Su() [74, 75],
MBs ) 5f’ dn _
Sp)=s[x by |+ = —vyq(as(in), A5
(1) (1‘5 3 ]/blﬂyq () (AS5)
Su(0) :s(xz m\Bg rn*,bz) +s((1 —xz)mi\gnfr,bz

-

w2 Ly (A6)
1/by H

where n* is defined in Eq. (7). The hard scale ¢ and the quark an-
omalous dimension y, = —a,/n govern the aforementioned renor-
malization group evolution. The explicit expressions for the func-
tions s(Q,b) can be found in Appendix A of Ref. [75]. The hard
scales #; in Eqs. (22)-(27) are chosen as the largest scales of virtual-
ity of internal particles in the hard b quark decay diagram,

11 = max{mg,, Nxart /b1, 1/by),

(69)

1y = max{mp, Xyt —r2 +12,1/by,1/by).
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