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The B — nfv, semileptonic decay within the LCSR approach under heavy
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Abstract: The heavy quark effective field theory (HQEFT) provides an effective way to deal with heavy meson de-
cays. In this paper, we adopt two different correlators to derive the light-cone sum rules (LCSR) for the B — & trans-
ition form factors (TFFs) in the framework of HQEFT. We label the two LCSR results as LCSR-% and LCSR-R,
which stand for the conventional correlator and the right-handed correlator. We observe that the correlation paramet-
er |ory| for the branching ratio 8(B — nlv;) is ~ 0.85, implying a consistency of LCSRs with the other correlators.
Furthermore, we obtain |Vl csr-2 = (345778 £0.136xp) X 107 and |ViplLesr-= = (3.3870 72 £0.126xp) X 1073, We

also obtain RylLcsr-w = 0.687) 10 and RylLcsr-= = 0.657)17, both of which agree with the lattice QCD predictions.
Thus, HQEFT provides a useful framework for studying B meson decays. Moreover, by using the right-handed cor-
relator, the twist-2 terms are dominant in TFF f*(¢?), as their contribution is over ~97% in the whole ¢? region, while

the large twist-3 uncertainty of the conventional correlator is greatly suppressed. Hence, the LCSR-R predictions can

be used to test the properties of the various models for the pion twist-2 distribution amplitudes.
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1 Introduction

The B meson semileptonic decay is an important
channel for testing the heavy quark effective field theor-
ies. The mass of 7 lepton is much larger than the masses
of electron and muon, and 7 lepton is more sensitive to
new physics associated with the electroweak symmetry
breaking. In recent measurements, the BABAR, Belle and
LHCb collaborations have observed large discrepancies
with respect to the Standard Model (SM) predictions for
the ratio Rpw = B(8 — DY 1v;,)/B(B — DM Evy), where €
stands for light leptons e or u. The weighted average of
these measurements gives Rp = 0.407+ 0.039 £0.024 and
Rp- =0.306+0.013+£0.007 [1]. The typical SM predic-
tions are Rp =0.299+0.011 [2] and Rpe» =0.252+0.003
[3]. Similarly, the LHCb collaboration also measured the
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ratio Ry, =0.71+ 0.17+0.18 [4], which deviates by 2 o
from the SM prediction. These inconsistencies have
aroused great interest in searches for new physics (NP)
beyond SM in the B meson semileptonic decays.

It would be helpful to understand if such discrepan-
cies also occur in the B — 7 semi-leptonic decays. Using
the Belle data set for 711 fb~!, the Belle collaboration pre-
dicted the signal strength p=1.52+0.72 [5], where u=1
corresponds to B(B — ntv;) = 1.0x 107, With the Belle
data, Ref. [6] gave the ratio R'** ~ 1.05 +0.51. Theoretic-
ally, the lattice QCD calculations by the RBC and
UKQCD collaborations gave R, =0.69+0.19 [7]. Using
the lattice QCD prediction for the B — & transition form
factors (TFFs) given by the Fermilab Lattice and MILC
collaborations [8], Ref. [6] predicted R, =0.641+0.016,
which was modified to R2HPM = 1.01+£0.04 by using the
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type-11 two Higgs doublet model (2HDM).

Before confirming a signal of NP, we need to include
a number of effects to obtain an accurate SM prediction.
The ratio R, strongly depends on the non-perturbative
B — n TFFs, which have been predicted by various ap-
proaches, such as the lattice QCD, the perturbative QCD
and the QCD light-cone sum rule (LCSR), cf. Refs. [7-
19]. Each approach can be reliably applied in a given re-
gion, which can be extended to the physically allowed re-
gion by proper extrapolations. A consistent analysis can
be obtained by properly connecting the predictions of dif-
ferent approaches, suitable for various ¢* regions [20].
Among them, the LCSR approach is applicable in both
the small and intermediate ¢* regions and provides an im-
portant method for studying the properties of B — & TFFs.

B meson is made up of a heavy b (or b) quark and one
light quark (or antiquark), and its semileptonic decays can
be described by using the heavy quark effective theory. In
the effective theory of heavy quarks, there are certain cri-
teria [21] for the validity of the heavy quark expansion,
such as A/(2mp) < 1 and v- p/(2mg) < 1, where A is the
effective mass of the light degrees of freedom in the ini-
tial heavy meson. In B meson, b quark is much heavier
than the other component, and the energy of the light de-
grees of freedom is far less than twice the b quark mass.
The second ratio varies roughly between 0 and 1/4 for
my <v-p < (my+m2)/(2mp), and hence both criteria are
satisfied. In addition, the heavy quark effective field the-
ory (HQEFT) [22-24], includes the effects of mixing
between the quark and antiquark fields. HQEFT also en-
ables to separate the long-distance from the short-dis-
tance dynamics in a systematic way [25], which can de-
crease to a certain degree the number of non-perturbative
wave functions or transition form factors and improve the
precision of the calculations. The characteristic feature of
HQEFT is that its Lagrangian keeps the ‘particle’, ‘anti-
particle’, ‘small”’ and ‘large’ field components. Based on
the HQEFT framework, the LCSR approach leads to a
consistent description of the heavy and light meson
semileptonic decays [26-28]. In the present paper, we
give adetailed analysis of the underlying TFFs using LCSR.

The current structure of a correlator is usually con-
structed by equating its quantum number J (total angu-
lar momentum J and parity P) to that of B meson. Con-
structed in this way, LCSRs of B— 7 TFFscan be ar-
ranged following the twist structure of the pion light-cone
distribution amplitudes (LCDAs). However, as high-twist
LCDAs have a high uncertainty, the terms involving
high-twist LCDAs are the main source of uncertainty in
LCSRs of B— n TFFs. It has been pointed out that by
choosing a proper correlator, e.g. by using the chiral cur-
rent, one can suppress the uncertainties of high-twist LC-
DAs and achieve a more accurate LCSR prediction of
TFFs [17, 29-33]. It is thus important to see whether LC-

SRs for different choices of correlators are consistent
with each other.

The paper is organized as follows. In Sec. 2, we
present the calculation method for deriving the key com-
ponents, e.g. TFFs f%+* of the B — « semileptonic decays.
In Sec. 3, we present the results of our calculations and
discussion. Sec. 4 gives a short summary.

2 Calculation method
For the B — n decay, its transition matrix element can

be written as
q
¢ )"

m2 —m%
+f0(512) qu q/b (1)

2pﬂ+[1 -

(m(p)lity,

where p is the pion momentum and p + ¢ is the B meson
momentum, and f*9(¢?) are the two TFFs. In the HQEFT
framework, the B — m transition matrix element can be
expanded in a 1/m; power series, and at the leading order
we have [26, 27]:

(m(pliryublB(p +q)) = @(ﬂ(l’)lﬁ)’ybﬂBv) ()
VA5
- @TY[N(V’P)MBV], (3)

VAs

where Ap=mp—my, b} is the effective b quark field,
n(v,p) =y’ [A(v- p)+ pB(v- p)], and the effective B meson
spin function is B, = — \/K(1+ ¥)y’/2 , where v is the B
meson velocity, p* = p*/(v-p), A is the binding energy,
and A = lim Ap. A(v-p) and B(v-p) are scale-dependent
coefficient functions characterized by the heavy-to-light
transition matrix elements, where v-p = (m%+m2—q*)/
(2mp). Using these equations, we obtain the TFFs in
HQEFT for B — nlv, , fi(q2), as

g =

[A(Y)+ —By)|+ 4)

VBB

where y=v-p, the symbol --- denotes the high-order
O(1/my) terms, and TFF f%(¢?) can be derived from the
relation:

D=+ —=—— f(q) (5)
B

The two coefficient functions A(y) and B(y) in TFFs
f*(g%) can be derived using the LCSR approach. For this
purpose, we need a correlator, which can be generally
written as

Fu(p.g) =i f d*xel @V ()| T{ju(x), JO)0),  (6)

where j,(x) and ]B(O) are usually chosen as j, Ux) =
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a(x)y,b} (x) and j (O) impb(0)Fysq(0) [13]. It was ob-
served that by using j, R(x) = a(x)y(1+vys)bf(x) and

(0) mpb?(0)i(1+7y5)d(0), more accurate LCSRs for
TFFS can be obtained as the high-twist terms have lower
uncertainty [17], even though by using the chiral currents
there are additional uncertainties coming from the scalar
(0*) B meson resonances. The latter can be absorbed into
the corresponding hadronic dispersion integral with a
proper choice of the continuum threshold [ 34, 35].

There are other choices of correlators. In this paper,
we adopt the above two correlators to study if their LC-
SRs are consistent For convenience, we label LCSR for

(x) and ji¥(0) as LCSR-U, and LCSR for JjR(x) and
B (O) as LCSR-R.

The calculation methods for deriving LCSR-R and
LCSR-U are the same. As an explicit example, we de-
scribe the procedure for deriving LCSR-R of the two
coefficient functions A(y) and B(y) by using the correlator

FR(p,q) with two right-handed chiral currents j%(x) and
i .

5 (0).

First, we discuss the hadronic representation of the
correlator. A complete series of the intermediate hadron-
ic states is inserted in the correlator and the pole term of
the lowest pseudoscalar state is isolated to get the hadron-
ic representation. That is, the correlator Fff can be ex-
pressed as

(r(p)lity,by 1B, )(By b iysd|0)

0= ey
N Z (m(p)lity, (1 +ys5)by |H, ) Hy|b} i1 +y5)d0)
H, mH - (p + 61)2

(7
Based on the original definition, the matrix element is
(B,|b}iysd|0) = FTr[ysB,]/2, where F represents the lead-
ing order B meson decay constant, which can be found in
Refs. [26, 27]. With the help of the B — 7 matrix element
(3), the correlator F); R can be written as
AV + Bo)P*

2Ap—2v-k

+ f ds p(y’ | Subtractions,  (8)
50 s—=2v-k

FR(p.q) =2iF

where k* = Py —m»* is the heavy hadronic residual mo-
mentum. The spectral density p(y,s) can be estimated by
using the quark-hadron duality ansatz [36, 37]. Contribu-
tions from the higher order terms can be suppressed or
eliminated by applying the Borel transformation.

On the other hand, we need to deal with the correlat-
or in large space-like momentum regions (p+q)>—
m; <0 and ¢* <m; for the momentum transfer, which
correspond to the small light-cone distance x> ~0 , and
are required for the validity of operator product expan-
sion (OPE). Based on OPE, the correlator can be expan-
ded into a power series of pion LCDAs with various twists:

FR(p.q) =i f d*xeld™ f dt6(x—vr)
0

X(r(p)ITu(x)y,ysd(0)10), 9)
where we have implicitly used the B meson heavy quark
HQEFT, ie. S(xv)=(+ X[
dt6(x—vr)/2. For convenience, we give the pion LCDAs
up to twist-4 accuracy in Appendix A, which are taken
from Refs. [38, 39].

As a final step, by applying the Borel transformation
of the correlator Fff(p, q), we obtain LCSRs for the coeffi-
cient functions A(y) and B(y),

Jx fs“ QAT 1 0
AQy) = —2% L —
W =-3F A dse = g2(u)

propagator  in

. (10

u=1- E

By =- 21 f <2A8'5')/T[—¢z;n(u>
19\ 19
+(§6_u) gl(u)—ﬁagz(u)]uzl_ % (11)

Substituting into Egs. (4, 5), one can obtain the expres-
sions for the two TFFs, f*(¢?) and f°(¢%), as

Pty = YR ena
2F mBAB 0
1 0
x{ a0+ —[ Bront)
10 0
¥ (—6—) e )— Sl
y u=1- 2_y
RN 5 S W S
2F mBAB

+(1-m2q2m ) [ Prnlt)
e~

(i 0 ) g1 - gz<u>]}

Following the same calculation method, LCSRs for
the usual correlator F;”( p,q) can be obtained as

f- VA
4F\/m31_\3 0

1 (9 T T
x{y—@gg(m—“—qsp(u)—“—

(12)

s
u=1 2

S0 _
dse@rs=9/T

g =-
0
— (1)

-2 mmw(iaﬁ) $10)

9 Hr
- S22+ 6—5%@]} .

u:l—z—y
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Py=-
4F mBI_\B 0

2
x{(1+—2q 2)
my —my

So _
dse@rs=9/T

19 Hr Hr O
x (y—2 a0~y )

+(1 - 2q2 2)@[—@;"(14)

my—mz/ Y

19)\2 190
+(;£) gl(u)—)jagz(u)

(13)

9

e el

~1- 5

The Borel parameter 7 and the continuum threshold

so are determined such that the resulting form factor does

not depend too much on the precise values of these para-

meters. In addition, the continuum contribution, which is

the part of the dispersive integral from sy to oo that is sub-

tracted from both sides of the equation, should not be too
large.

3 Calculation results
3.1 Input parameters

As input parameters, the masses of pion, B meson and
b quark are taken as m,- =0.1395 GeV, mg =5.279 GeV
and m, =4.75+£0.05 GeV from the particle data group
(PDG) [40]. Also, we take the pion decay constant
Jf==0.1304 GeV [40], and the leading order B meson ef-
fective decay constant F =0.34+0.04 GeV>? [41]. The
factorization scale u is set to a typical momentum of the B
meson decay, u, = (mh—m})'? ~ 2.4 GeV, and we set its
error as Au = +1 GeV.

For twist-2 LCDA ¢,.,, we adopt the Brodsky-Huang-
Lepage (BHL) model [42]. The BHL prescription of the
hadronic wave function (WF) is obtained by connecting
the equal-time WFs in the rest frame and in the infinite
momentum frame. This LCDA can mimic the DA behavi-
or from asymptotic-like to CZ-like naturally. Using the
experimental data for the various processes, one can de-
termine the correct DA behavior of the light pseudo-scal-
ar mesons. Refs. [43, 44] suggested that by considering
the BHL model with the Wigner-Melosh rotation effects,
meaningful results can be obtained which coincide with
the experimental constraints. The calculation process of
pion twist-2 LCDA can be found in Ref. [45]. After in-
tegrating out the transverse momentum part, twist-2
LCDA takes the form

\/§Amq,8

¢2;7T(M?#2) = 27T3/2f” VWZS”(“)
2 2 2
my +u ~ ny
X {Erf 8P Erf[ g ﬁQuﬁ}}, (14)

where @=1-u, £=2u-1, ¢u)=1+BxC)* & and
Erf(x) =2 fox e~"dt/ \/m. The light quark constitutive mass
is my = 0.30 GeV, and the remaining three parameters A4,
B and B can be fixed by using three constraints [42, 45]:
(1) The pion wave function normalization condition,

L [ Eh fr
fodxfmﬂ;ﬂ,(x,kl)_z\/g, (1)

0

(i1)) The sum rule derived from the n” — yy decay

amplitude implies,

1
f dx¥,(x, k. =0)= ﬁ; (16)
0 fn
(iii) Generally, twist-2 LCDA can be expanded as a
Gegenbauer polynomial. We can get the second moment
a, by using the orthogonality relation,

1
f duge(u,u*)C/ > (2u— 1)
0

: .
f dubui[C}*(2u—1)|
0

The Gegenbauer moment a, can be fixed via a global
fit of the various experimental data involving pions, and
we adopt the result given in Ref. [45], ax(u® = 1 GeV?) =
0.112+0.073. The parameters at the scale of 1 GeV are
given in Table 1, and one can get their values at any oth-
er scale by using the renormalization group evolution. At
present, there is no definite conclusion whether pion
LCDA ¢o.(u,113) is of the CZ form [46], asymptotic form
[47], or even flat-like [48]. We present twist-2 DAs in
Fig. 1, where the asymptotic form, the CZ form, the QCD
SVZ sum rule prediction [18], and the prediction by A.
Khodjamirian et al. [13] using the Jefferson Lab data for
F,, are presented for comparison. By varying a,, the ¢,
shape varies from a single-peak to double-humped beha-
vior. The adopted BHL model provides a convenient way
to mimic the pion twist-2 LCDA behavior, and we use it,
together with its errors, to discuss the theoretical uncer-
tainties related to the different choices of ¢y.,.

an(u?) = (17)

Table 1. Parameters of twist-2 LCDA qbz;,,(u,,u(z)) determined from
a(u3) =0.112+0.073 [45].
ar(u) A B B
0.039 23.50 0.61 0.075
0.112 24.63 0.59 0.010
0.185 23.50 0.63 0.141
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CZ-Form

BHL(This Work)

..... - JLab fit — — - AS-Form
P. Ball

Fig. 1. (color online) The behavior of LCDA ¢2.x(x, yé) pre-
dicted by the BHL model, including the uncertainties of the
input parameters. For comparison, we present the JLab fit
[13], QCD SR [18], CZ form [46] and the asymptotic form
[47].

3.2 B-—nTFFs

The allowed range of the Borel parameter T for B — &
TFFs f*/°(4?) and the effective continuous threshold sy
are determined from the following three conditions:

e The continuum contribution should not be higher
than 35% of the total LCSR;

e The contribution of all high-twist LCDAs should
not exceed 50% of the total LCSR;

eThe derivatives of LCSRs for TFFs with respect to
(=1/T) give LCSR for the B meson mass mg. We require
that the estimated B meson mass compared with the ex-
perimental value, [m —m*|/my," , should be less than
0.1%.

The flatness of TFFs with respect to the Borel para-
meter T provides an extra weak constraint for the range of
T. With these criteria for LCSRs, the continuum threshold
5o and the Borel parameter T for B —  vector TFF f*(4%)
are determined as 50=2.0+£0.1 GeV? and
T =14+0.1GeV? for LCSR-R, and so=2.2+0.1 GeV?
and 7 = 1.5+0.1 GeV? for LCSR-U.

In Table 2, we show how TFF errors are related to the
uncertainties of the factorization scale y, the Borel para-
meter 7, the continuum threshold sy, the b quark mass m,,
the B meson effective decay constant F, and twist-2
LCDA. Table 2 shows that the main errors come from the
choice of m,, F and LCDA, whose effect can be up to
~12%. Since m;, and F are correlated, e.g. a larger m,, res-
ults in a smaller F' [32], we changed their values simul-
taneously to see the effect on TFFs.

We present the contributions of the different twist

terms to the dominant B — « TFFs f; ., for large recoils
¢*> ~0GeV? in Table 3. In the case of the usual correlator
F;”, the contributions of the twist-3 terms are about 45%
of TFF f7,(0). Twist-3 DAs are not as well known as DAs
of twist-2. Table 3 shows that the twist-2 and twist-3
terms have similar values for the U correlator. Thus, by
using the R correlator, a much better accuracy can be ob-
tained for LCSR of the transition form factor. Table 2
shows that the errors of the U correlator are comparat-
ively smaller, which is due to the fact that we do not in-
clude the uncertainty of twist-3 DAs in the present pre-
diction (they are not the focus of this study). By using the
chiral current correlator, we can get information about the
precision of twist-2 DAs, since they can be determined
exactly from the experimental data. It should be noted
that it is hard to distinguish twist-2 and twist-3 with the
usual current, because their contributions are almost of
the same order and blend with each other. In the case of
the right-handed chiral correlator Fff, the contributions of
the twist-3 terms are eliminated. Moreover, the twist-4
terms are negligible in both cases. Thus, by taking the
chiral correlator, the uncertainties from higher-twist LC-
DAs are greatly suppressed, leading to a more precise
LCSR prediction. By summing the contributions from
various twist terms, the total TFFs for both correlators
agree with each other within the errors”. The LCSR ap-
proximation should not depend on the choice of the chir-
al correlator, and our present TFF predictions provide
such an example.

The LCSR prediction is valid when the final-state pi-
on has a large energy in the rest frame of B meson, e.g.
Er > Aqcp. Using the relation ¢* = m% —2mgE,, we ad-
opt a conservative range, 0 < ¢*> < 12 GeV?, as the range
of application of the LCSR method. Thus, before dealing
with the B — 7 semi-leptonic decay, we use the z-series
parametrization to extrapolate the calculated TFFs to the
physically allowed ¢ region [13],

Table 2. Uncertainties of TFFs f,g /,u(qz) at ¢*> = 0. The uncertainties

of the total TFFs are summed up in quadrature.

Total Au ADA AT Aso A(myp; F)
+ +0.022 +0.000 +0.017 +0.001 +0.011 +0.015
fR (0) 0‘276—0.026 —0.001 -0.016 —0.001 -0.011 -0.011
+ +0.016 +0.000 +0.009 +0.002 +0.007 +0.017
fﬂ (0) 0‘282—0.020 —0.000 —0.008 —0.001 —0.007 -0.012

Table 3. Different twist terms in B — 7 TFFs fqg 1 for large recoils
¢* =0 GeV2.

Twist-2 Twist-3 Twist-4 Central
J#(0) 0.284 - -0.009 0.276
I70) 0.153 0.134 ~0.004 0.282

1) The differences between their central values, whose magnitude is comparable to the magnitude of the twist-4 terms, could be treated as the difference of the uncal-

culated high-twist terms.
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(4

£+(0) SN
=" {1+ br|z(g7)" —z(0)
1—q2/m§{ ; [

OV (e() =0 (18)

and
N-1 .
(@)= POf1+ Y () -200) 19
=1
The function z(¢?) is defined as
0 Ve-P- ik
2(q7) = :
Vi —q* + Vi —1o
where 1. =(mg+my)? and to=1t,(1— V1—1,/7-). The
coefficients by = f*(0), by, b, and b3 are determined such
that the quality of fit (A) is less than 1%. The quality of fit
is defined as:
_ Sl =M 0 { 123

A TG % 100%, t € 0,2,..., >

The parameters for the z-series and the quality of fit
are listed in Table 4.

The extrapolated HQEFT LCSRs for B— n TFFs
f*/%(g?) are presented in Fig. 2, where the left/right plots
stands for LCSR-R/U. The solid lines in Fig. 2 are TFFs
where all parameters have their central values, while the
shaded bands are TFF errors expressed as the squared av-
erage of errors from all sources. Our predictions for
f*/9(¢%) are consistent, within the errors, with the lattice

QCD results obtained by the HPQCD and Fermilab/
MILC collaborations.

(20)

12} GeV2.

Table 4. The fit parameters and quality of fit of LCSR-R and LCSR-
U TEFs f+/9(4%).

by by b3 A
jACa) ~1.600 ~1.453 - 0.03%
) ~1.155 2.075 -3.377 0.01%
T -1.309 -1.757 - 0.50%
pCe) -1.197 0.656 -0.611 0.06%

We adopt the correlation coefficient pyy to measure
the degree of correlation of TFFs with different chiral
correlators, defined as [40],
Cov(X,Y) ’ 1)

Ox0y

where X and Y stand for LCSR-R and LCSR-U TFFs.
The covariance is Cov(X,Y) = E[(X-EX)(Y - E(Y))] =
E(XY)—-E(X)E(Y), where E is the expectation value of X
or Y. ox and oy are the standard deviations of X and Y.
The range of the correlation coefficient [oxy| iSO~ 1. A
larger |oxy| indicates a higher consistency between X and
Y. The correlation coefficient |ogy| of LCSR-R and LC-
SR-U is 0.85 for the vector TFF f*(4?), and 0.52 for the
scalar TFF f%(¢?). The correlation coefficients of both
TFFs are lager than 0.5, implying that they are consistent
with each other.

Pxy =

3.3 The B — n{y, differential branching fraction, the

matrix element |V,;,| and the ratio R,

The B — ntv, differential decay widths can be writ-
ten as [51, 52],

2
dT(B — ntvy)  GrlVal* ¢ —m] J (4?-m?)

d  192m) (¢*)?

2,2 2\
XJ(mB :ZTZ ‘1) —mfzr{(m§+2q2) )

X[ = (mp—ma ][4 = (mp 4 m) ] x f2(g2) + 3m2 (3 = mi2)” f2(q),

where m; is the lepton mass. For the light leptons [ = e or
U, the lepton mass can be safely neglected, and the differ-
ential decay width reduces to [51, 52],

dr(B — ntv;) GVl

= PRHAfPP, (23)
dg? 1923 m3,

where |V, is the CKM matrix element, Gg is the Fermi
coupling constant, and the phase-space factor is
Ag*) = (m%+m2 — ¢*)* — 4m%m?. The branching fraction is
related to the decay width as d8B/dg*> = dT'(B — ntv,)/
dg? x T, where the total lifetime is 7 = 1.525+0.009 ps
[40]. Fig. 3 shows that both LCSR-R and LCSR-U pre-
dictions, including their errors (shown by shaded bands),
are consistent with the BABAR and BELLE data.

The integrated branching fraction was experimentally

measured as AB(0, qj%) = Oqj (dB/dg*)dq? [53, 54],

AB(0,12GeV?) =(0.83 +£0.03 +0.04) x 1074,
(BABAR 2012) (24)

AB(0,12GeV?) =(0.808 £0.06) x 1074,
(Belle 2013) (25)

Using their weighted average, we can determine the value
of |Vub|

[Viblg = (3.45%028 £0.13¢xp) X 1072, (26)
IViblas = (3.38*02 £0.124) X 1073, 27)

where the first error is the squared average of the input
parameter errors, and the second is the experimental er-
ror of AB(0,12GeV?).

A comparison of |V,;| using various approaches is
presented in Table 5. Most predictions are consistent with
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(color online) The B — ntv, differential branching fractions for the two correlators LCSR-R/U (left/right plots). As a compar-

ison, the BABAR data [53, 55] and the Belle data [54, 56] are also shown.

Table 5. A comparison of |V,;| derived using various approaches.
Exclusive decays B — nlv, [Vip| x 103
LCSR-R (This work) 3457028 +0.130p
LCSR-U (This work) 3.38%092 +0.124p
RBC/UKQCD [7] 3.61+0.32
Fermilab/MILC [8] 3.72+0.16
pQCD [9] 3.8070:38
B-meson LCSR [13] 3.507 038 £0.11exp
Imsong 2014 (LCSR) [15] 3324038
BABAR 2012 [53] 3.25+0.31
Belle 2013 [54] 3.52+0.29
CKM fitter [57] 37153,
UT fitter [58] 3.68+0.10
FLAG 2016 [59] 3.62+0.14
HFAG 2016 [60] 3.67+0.21

each other within errors. Our HQEFT LCSR predictions
show good agreement with the Belle measurements [54],

as well as the usual LCSR predictions [13, 15].

The correlation coefficient for the branching frac-
tions obtained with LCSR-R and LCSR-U TFFs is
eru = 0.85, which confirms the previous observation that
the physical observable should be independent of the
choice of correlator. In Table 6 , a comparison is given of
the above branching fractions of B — nfy, with the
experimental measurements, which shows that both LC-
SR-U and LCSR-R predictions are consistent with the
data.

As a final remark, it is more useful to measure the fol-
lowing ratio, which avoids uncertainties from the input
parameters such as |V,;| and could be used as a precision
test of SM or to find new physics beyond SM,

2

" AN(B = w1vy) Jdg?
BB — ntvy) jr: 1

R BB — ntvy)

" (28)
f dI(B — ntvy)/dg?
0

This ratio strongly depends on the behavior of B—
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Table 6.
the experimental measurements. Both LCSR-% and LCSR-R pre-
dictions are consistent with the data.

A comparison of the branching fraction of B — nfv, with

Exclusive decaysB — v, Bx10*
LCSR-R (This work) 1417030
LCSR-2 (This work) 1394931

PDG [40] 1.50:£0.06

BABAR 2012 [53]
Belle 2013 [54]
BABAR 2010 [55]
Belle 2010 [56]
CLEO [61]
HFAG 2016 [60]

1.44+0.04+0.06
1.49+0.09+0.07
1.41+0.05+0.08
1.49+0.04+0.07
1.38+0.15+0.11
1.50+0.02+0.04

TFFs. Briefly, due to the phase-space suppression, the de-
cay width of B — n7rv; is smaller than of B — n{v;, lead-
ing to R; < o in SM. The RBC and UKQCD collabora-
tions predicted R, =0.69+0.19, using the lattice QCD
calculations for B — n TFFs [7]. By using the LCSR-R
and LCSR-U predictions for TFFs, we obtain
RR=0.657017, RY =0.687000. (29)
Both values agree with the lattice QCD prediction.
However, the Belle measurements lead to a rather large
ratio [5], Ry ~1.05+0.51. A way out is to increase the
magnitude of the chiral symmetry breaking terms which
are proportional to fZ(¢*). For example, by using the
type-1I two Higgs doublet model (2HDM), one obtains [6],

JHDM, 2\ . £SM/ 2 _tanz,B 7
fo @) = fy (q)(l w, T-myimy ) (30)

where the parameter tang is the ratio of the two vacuum
expectations of the Higgs doublets, and mpy- is the mass
of the charged Higgs. By setting tanS/mpy- = 0.4 [6], we

obtain R"PMR = 0.9510.08 and ROV = 1.02+00! In Ref.
[62], the latest CMS results at v/s = 13 TeV were used to
impose a constraint on the charged Higgs H* parameters
in 2HDM, but some parameters are still not fully determ-
ined. Thus, we get the same result as Ref. [6], indicating
that there may be new physics beyond SM. However
since the Belle measurements have large errors, we still
need more measurements to confirm whether thus is

really the case.
4 Summary

In this paper, we have made a detailed LCSR analys-
is of B — ntv, TFFs in the framework of HQEFT. As
shown in Fig. 2, LCSR-U and LCSR-R , obtained using
two different correlators, are highly correlated with
pru > 0.5, especially for f*(g%), which provides a domin-
ant contribution to the B — 7 semileptonic decays. The
LCSR method is applicable in the low and intermediate
¢° regions and the lattice QCD method in the large ¢° re-
gion. After extrapolation, our HQEFT LCSR predictions
for TFFs agree well with the lattice QCD predictions ob-
tained by the HPQCD and Fermilab/MILC collabora-
tions. As a byproduct, by using the chiral correlator, it
was shown that twist-2 LCDA contributes to more than
97% of TFFs, and thus is a good platform for testing the
properties of pion twist-2 LCDA. Moreover, by using
LCSR-U and LCSR-R TFFs, we obtain, |V,|g = (3.45+028 +

-020~
0.136p) X 107 and  |[Viplyy = (3.387022£0.1264) X 1077,
both of which are in agreement with the experimental res-
ults within errors. The ratio R, is a useful parameter to
test SM, and to provide indication of new physics bey-

ond SM.

We are grateful to Tao Zhong and Jun Zeng for help-
ful discussions.

Appendix A: The non-local matrix elements and twist-3 and 4 LCDAs

The relations between pion LCDAs up to twist-4 and the non-
local matrix elements are:

1 .
(m(P)a(x)y,ysd(0)|0) = —ipyfr j; due" " [, (1)

2p I ) (A1)
+x2g1(uw)] +f,,(xﬂ - —”)f due™P* g5 (u),
p-x/Jo
firm2 1 L
(m(p)la(x)iysd(0)|0) = —— f due"P gL, (u), (A2)
my+mg Jo >
_ OV =i f/rmzzr
(r(Pit(x)oyysd(0)]) —l(pva—pvxy)m
1
X f dueP ¢ (u). (A3)
N ;

Here, f; is the pion decay constant, and ¢;.,(u), ¢g;”(u), 31, 1(10)
and g»(u) are pion twist-2, 3 and 4 LCDAs, respectively. Twist-3
LCDAs take the form

¢ ) =1+ %32(352 -+ %34(3554 —3082 +3),

¢S (w) =6ur 1 + %cz(sgz -1

15 )
+§c4(21§4—14§ +1)), (Ad)

where the parameters are [26, 27, 63, 64], Ba(up)=0.29,
Ba(up) = 0.58, Ca(up) = 0.059 and C4(up) = 0.034. For twist-4 LCDA:s,

we adopt the expressions derived in Ref. [39],

013101-8



Chinese Physics C

Vol. 44, No. 1 (2020) 013101

1) =% [=5a(Ohoo + 3ho1 — 61 + 4itho; u
+10ith1gu) + a10(6 + (9 + 80iu))| + a1oir> (10

150+ 6@%) Inii + aiou’(10 — 15u + 6u*) Inu,

where

& 2 9 2
hoo = —3 0= o€~ Ea'{mn,

2 3
ho1 = géze— %a’gmi, Vi = 6%,

4, 3 2
hyo = 56 €+ %agmﬂ.

where e(u;) = 0.36, and 6%(up) = 0.17 GeV? [26, 27].

Suu(u—u
g2(u) =%[4h00 +8ayoiiu
—hyo(1 + 5au) + 2ho (1 — aw)], (AS)
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