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The B. — Byr decay is studied with the perturbative QCD approach. Thyeestof wave functions foBs meson are considered.
The transition form factf?*BS(O) and the branching rati8r (B.— Bgr) are sensitive to the model of tiBg meson wave functions.
With appropriate inputs, our estimate Bn(B.— Bgr) is comparable with the recent LHCb measurement. A clearasiof B, —
Byt decay should be easily observed at the Large Hadron Collider

B. meson, weak decay, the perturbative QCD approach, branchingratio

PACS number(s): 12.38.Bx, 12.39.St, 13.25.Hw

Citation: Sun JF, Yang Y L, Lu G R. Study of thB; — Bgr decay with the perturbative QCD approach. Sci China-Physh\viestron, 2014, 57: 1891-1897,
doi: 10.1007s11433-014-5535-9

1 Introduction pseudoscaldr-flavored mesons, that isg, < 37s,, [8]. En-
hanced by the hierarchy of the Cabibbo-Kobayashi-Maskawa

The B; meson, the heaviest of the ground pseudoscalar mefCKM) quark-mixing matrix element®/.d > [Vcpl, the class
son with explicit both bottom and charm quantum numbers,(1) decay contributes 70% to theB. decay width [9], which
was observed for the first time via the dedagy— J/y¢v in shows the critical contribution of the charm quark to Be
1.8 TeV pp collisions using the CDF detector at the Fermilab lifetime. In this paper, we study thB. — Bgr decay which
Tevatron in 1998 [1]. The mass is currently measured at thébelongs to class (1). Our motivations are listed below.
O(107% level [2,3]. However, there is about 10% uncertainty ~ Firstly, from an experimental consideration. It is esti-
in the presenB:. lifetime measurement [4,5]. mated [10] that with large production cross sectiq(B:) ~

The B, meson, laying belowBD threshold, is stable for 1 pb (taking into account the cascade decays of the excited
both the strong and electromagnetic annihilation intévast ~ statesB; below BD threshold) and high luminosity of =
It can decay only via the weak interaction. The decay modes.0* cm2s7%, one could expect$10'° of B; meson per year
can be divided into three classes (takiBg as an illustra- ~ at LHC. In addition, LHCb, a dedicatdsphysics precision
tion) [6,7]: (1) thec quark decays while the quark as a experiment at LHC, allows proper time resolution-of50
spectator, that iss — W* + s (or d); (2) theb quark de- fs [11] which is one order of magnitude shorter than lifetime
cays while the quark as a spectator, thati_iﬁ W+ + € (or of the B; s meson. This property facilitates the separation be-
u); (3) the annihilation channel, that is+ b — W*; where ~ tween primary and decay vertices. The rate for the charged
the virtualW* boson materializes either into a pair of leptons pion identification is larger than 90% [11]. There seems to
{*v, orinto a pair of quarks which then hadronizes. Bothahe be a golden opportunity and a real possibility to investgat
andb quarks inB; meson can decay individually, resulting in the Bc weak decay. The reconstructed events of Bge—

that theB lifetime is about three times less than other ground Bst decay is estimated to be 10° per year [10]. Recently,

the LHCb collaboration has presented research thaBthe
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— Bgr decay is observed with significance in excess of fivescattering kernels and hadron wave functions (WFs). It is

standard deviations based on 3*fllata sample [12]. shown that [13] due to appearance of the endpoint diver-
Secondly, from phenomenological considerations. Withgences, the QCDF formalisms based on the collinear approx-

abundant measurements, we can carefully test various thémation fail to give the contributions of the spectator and a

oretical models. Accordingly, accurate theoretical pcedn nihilation interactions satisfactorily. The pQCD approad-

of B. decay is essential, although tBgweak decay is com- vocates that [14] the endpoint singularity in collinear spp

plicated because of strong interactioffieets. Based on an imation could be smeared by retaining the transverse momen-

expansion inxs/7 and Agcp/Mg (Whereas, Agcp andmg tumkr of quarks and by introducing the Sudakov factot.e

are the strong coupling constant, QCD characteristic scaléJsing the pQCD formalisms, one decay amplitude is factor-

and mass of heavy quaf®, respectively), several attractive ized into three factors: the “harderifects incorporated into

methods have been proposed to evaluate the hadronic m#éhe Wilson coéicientsC, the heavy quark decay subampli-

trix elements, such as the QCD factorization [13], perturba tudeH, and the universal hadron WHEs such that:

tive QCD method (pQCD) [14], and soft and collinear ef-

fective theory [15]. These approaches have been applied to f dk C()H (k, ) O(K)e™S, )

B.g hadronic decays with reasonable explanation for mea-

surements. Whether or not these approach is suitablB.for

— Bgr decay needs to be examined. Herein we investiBate

— Bgr decay with the pQCD approach to give an estimate of

the associated branching ratio.

wherek andt are the corresponding kinematic variables and
characteristic scale, respectively.

] ] ] 3.1 Kinematicvariables
2 Effective Hamiltonian
In the terms of the light cone coordinate, the momenta of the

For hadronic decays, typically théfective Hamiltonian cal-  valence quarks and hadrons in the rest frame oBthraeson
culations with operator product expansion scheme is usedare defined as:

The dfective Hamiltonian foB; — Bgr decay can be written my

as [16]: p1 = —=(1,1,0r), (3)
[16] . T2
Her = —=VudVee C1(1) (5 Ca)v-a(Usds)v-n = M2
7V 5 1505 P2 = (13, 1.00), )
+Co()(8:Cp)v-aUadg)y-a} + H.C, ) Ps = ﬂ\/l_(l_ r2.,0,0r), (5)
where Gg is Fermi coupling constant. The CKM factor 2
VudVis ~ O(1). « andg are color indices. ()v-a = ki = xipi + (0.0, kir). (6)

ayu(1 — ys)o. The Wilson coéficientsCy »(u), incorporat-
ing the physics contributions from heavy particles suckvas
andZ bosons, top quark, and scales higher thahave been
calculated to the next-to-leading order with perturbattoa:

ory [16]. There most diicult problem remaining in calcula-
tion is how to evaluate the hadronic matrix elements of the
local operators properly and accurately. 3.2 Wavefunctions

where the subscript= 1, 2, 3 refer toB., Bs, # meson, re-
spectively. Variableg;, ki, X are the four-dimensional mo-
mentum, transverse momentum and longitudinal momentum
fraction of light quark, respectivelyg, = mg,/mg,.

3 Hadronic matrix e ements Hadron wave functions are basic input in eq. (2). Adopt-
ing the notation in refs. [18-27], the two-valence-pasticl

Using Brodsky-Lepage approach [17], the hadronic matrixWFs for double-light pion, heavy-ligigs meson and double-
element is commonly written as a convolution of hard- heavyB; meson are decomposed into

(P (A0 = —=== f d'ks €% ys| pad +undr +in(Re N - 1)e5 ]} (7)
s i +iko-z e h- +
(B2, (A4(0)0) = = f d*ky € {75(p2+mss)[$¢as+ 72%5]}&’ 8)
- —i —iky-z VL + VL _
O, OB = - [lae | Loy o+ Lo J(premalye), ©)
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whereN, = 3 is the color numbem_ andn, are the minus The first candidate is the exponential type (GN) suggested
and plus null vectors, respectively,-n_ = 1. in ref. [21],
For the heavy-lighBs meson, there are two scalar WFs 1
¢5, andgg . The equation of motion for Whsy_is [18,19] $5.06b) = N, Xex mas] S, (12)
N - 2V2Nc weN 11+ (b WGN)
¢, () + X¢p (X) = 0. (10)

The relationship is helpful in constraining models for e~ #8:.%P) = ZVZ_I\ICNGNGXF{ WGN ]1 + (b wen)?’ (12)

WFs, which leads toﬁgs(x) vanished at the endpoint and
¢5.(¥) = O(1) for x — 0 [20]. Here we will investigate three The second candidate is the Gaussian type (KLS) proposed

candidates of WFs fdBs meson. | in refs. [22,23] whereby
fg 1(/xmg 1
+ — s N+ 252 _ = s 2 2 1
¢g, (X b) —2\/2_Nc KLs X X exf{ Z(WKLS) szst > (13)

dg (X, b) = £N_ exp{ - 1(/.)2 bz] exp —} % i (I’T]Z )_(2 + 20.)2 )+ @mg wi sErf XTe, + CkLs (14)
Bs 2\/2_Nc KLS 2 KLS 2 WKLS Bs KLS s \/E(L)KLS s
|

wherex = 1 — x, and the constarttx s is chosen so that wherefg_ is the decay constant, and= m./mg..
¢5 (L b)=0

The third candidate is the KKQT type derived form the
QCD equations of motion and heavy-quark symmetry con-

straint [19,24], 4 B.—Bgtransition form factors
fe 2
+ _ s
Pa..0) = 2V2N: wiqr H(y)JO(mBSb ‘/_) (15 The Bc — Bs transition form factors are defined as follows
[28]:

_ fg 2y

x,b) = = 0(y)Jo(mg,b+/xy), (16
¢a,(xb) = - B () Jo(Me,b V7). (16)

(Bs(P2)ISy* (1 - ys)cIBe(p1))
wherey = wkkor — X

In the above egs. (11)—(16),denotes the conjugate vari-
ables of the transverse momentumsoduark in B meson.
There is only one parameterfor each kind of WFs candi-

M — 2
= |(p1+ P2 - =2t | FEB(?)

q2

e ) m —m?
date. The normalization constams is related to the decay +¥qu|:gc—>3s(q2), (19)
constantfg_ through the relation: q
f P, (%, fe, a7 whereq = p; — p2 is the momentum transfer. Usually, the
2 V2N longitudinal form factorFo(g?) is compulsorily equal to the

For the double-light pion, the expressiondff*' can be  transverse form factd¥;(g?) in the largest recoil limit to can-
found in refs. [22—26]. For the double-heaBy meson, it  cel singularities appearing at the pajé = 0, i.e., Fo(0) =
can be described approximatively by nonrelativistic dynam F1(0).

ics. At tree level and in leading order of the expansion in the  \wjthin the pQCD framework, the one-gluon-exchange di-

the total momentum according to their masses [27], displayed in Figure 1. It has been shown that the pQCD ap-
e proach works ideally in the large recoil region [14,20,23,2
¢6.(X) = zmé(x re). (18)| The expression of form factors is

F&B(0) = F27%(0)
1 1 00
= 87rmZBCCF f del f dez f . b2db2{Ea(ta)as(ta)Ha(a, PBa, b2) rBS¢ES(x2)[¢§C(x1)(x2rBS +re— x2) + ¢§c(x1)(x2r35 +re— rBSrc)]
+ En(to)ars(to) Ho(a. Bo, 2) X165 (x1)| ¢5,02) (1 = 1e,) + 65, () 3 |- (20)
|
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Figure 1 Diagrams contributing to th&; — Bs transition form factor,
where the box represents the lowest order hard-scatteermgekH, and the
dot denotes an appropriate Dirac matrix.

whereCr = 4/3 is color factor. Ei(t;) = e S5 is the Su-
dakov factor.
t

SBs(t) = S(szg, bz) + Zf

whereyq = —as/m is the quark anomalous dimension. The
expression 0§(Q, b) can be found in refs. [29,30]. The hard-
scattering kernel functioRl,, in eq. (20) is defined as:

Ko( Vabz) — Ko( vBb2)
Pa—a ’
Ko(vaby)
Bo

d
e (21)
)i

1/by

Ha(a, Ba, b2) = (22)

Ho(a. Bo, b2) = (23)

whereKq andlg are the modified Bessel functions;and
are the virtualities of internal gluons and quarks, respelst

o= MR+ -aR(1+r3). (24
Bo= g (1438 -R(1+03) 1] (25)
Bo = —mB|ra + % - xa(1+13))], (26)

t = max(v/lal, v|Bil, 1/b2). (27)

5 Decay amplitude

Within the pQCD framework, the Feynman diagrams Bgr
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Gr
A(B;—Bgr) = —V4Vi A,
( ) \/i Csi:a,zb;c,d

where the explicit expressions of; are collected in Ap-
pendix. From these expressions, we see that only the twist-
2 light-cone distribution amplitude (LCDA)Z of pion con-
tributes to nonfactorizable decay amplitude. The expoessi
of the twist-2 pion LCDA is defined in Gegenbauer polyno-
mials [25] as:

fﬂ 4 e
> mexquaz(ﬂ)cgﬂ(x—>‘<)+a4(ﬂ)cj/2(x-(>a},)
29

where the nonperturbative paramed&u) is the Gegenbauer
moment.

The branching ratio in thB, meson rest frame can be writ-
ten as:

(28)

xm) =

TB. P

8 m2

Be

Br(Bc—Bgr) = |A(B.— Bgr) %,

(30)
where the common momentum= (Mg — Mg )/2mg,.

6 Numerical results and discussion

The input parameters in our numerical calculation are col-
lected in Table 1. If not specified explicitly, we shall take
their central values as the default input.

Our results on form factoF5e®(0) and branching ratio
Br(B.—Bgr) are listed in Table 2, where the first uncertainty
comes from the mass of charm quark; the second uncer-
tainty comes from the shape parameteBafmeson WFs,
that is, wgn = (0.65 = 0.10) GeV in egs. (11) and (12),
wkLs = (0.75+0.10) GeV in egs. (13) and (14) angkkor =
0.35+0.10 in egs. (15) and (16); the third uncertainty comes
from the choice of hard scales £10.1)t; in eq. (27). We can

— Bgr decay are shown in Figure 2, where (a) and (b) are fac-see that the large uncertainty come from Bie/VFs. In ad-

torizable topology, (c) and (d) are nonfactorizable togglo
After a straightforward calculation, the decay amplitudes

written as:
’ i
C

u d@
C S C S S
EN S B
B) g9 B} B; gg(Be
(= =]
b b b b
(a) (b)
d u d u
C S C S

GF B 64

Figure2 Feynman diagrams fd. — Bgr decay within the pQCD frame-
work, where the dots deonte an appropriate Dirac matrix.

dition, the decay constantg, and fg, will bring some 24%

Table1l input parameters fdB; — Bsr decay

Parameter Numerical value Ref.
Mass ofB¢ mg, = (6.277+ 0.006) GeV [8]
Mass ofBg mg, = (53667 + 0.4) MeV [8]
Mass ofc quark me = (1.275+ 0.025) GeV [8]
Lifetime of B¢ 78, = (0.453+ 0.041) ps [8]
Decay constant of fr = (13041 + 0.03 + 0.20) MeV [8]
Decay constant 0B e = (489+ 4 + 3) MeV [31]
Decay constant oBs fg, = (227.6 + 5.0) MeV®
Gegenbauer moment & (1 GeV)=0.16+0.01 [32]
a; (1 GeV)=0.04+0.01 [32]
a) http//www.latticeaverages.ofg
Table2 Form factorF§*~®(0) and branching ratitr (Be— Byr)
GN KLS KKQT
0.06+0.28+0.09 0.08+0.36+0.09 0.06+1.08+0.06
Fo 0847505 020 005 087007 025005  0-62005 037 0,04
0.90+4.78+1.83 1.19+6.57+1.90 0.65+2232+0.79
Brx10? 6207075 260000 057 gog 326-004 3407053 254 048
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uncertainty to the form factor. 7 Summary
For the form factoF 5 ~®(0), our study show that: Firstly,

the interference between Figures 1(a) and (b) is constructi

Compared with Figure 1(b), the contribution of Figure 1(a) KKQT type) of Bs meson WFs, and study tf& — Bs tran-

is < 30%; Secondly, botls?, andgy contribute to the form sition for_m factor and the branching ra_t|o for tBg — Bgyr

factor, and their interference is constructive. Compargd w decay with the pQCD approach. We find that (1) By keep-

9., the contribution ofg, is < 20%; Thirdly, the interfer- ing the parton transverse momentlmand employing the

. . . B.—Bsg
ence betweepg_andgy_is constructive. Compared with} ,

Herein we consider three models (exponential, Gaussiah, an

Sudakov factorsF (0) and 8Br(B.—Bgr) are perturba-
the contribution ofs;,_is < 20% for both GN and KLS type; t?vely calculable within the pQCD framework. The coptribu-
s tion to form factor comes completely from/7 < 0.3 region.
(2) F&®(0) and Br(B.—~Byr) are sensitive to the model
and the shape parameterof the Bs meson wave functions.
(3) With appropriate inputs, our estimates Bff~<(0) and
Br(B.—Bgr) are comparable with the previous results. The
branching ratio for thdB. — Bgr decay is about a few per
cent, which is agreement with the recent LHCb measurement.
With the running of LHC, the more data will be accumu-
lated at LHCb, the more precise branching ratio forBge~
Byt decay will be obtained, and various models for hadron
wave function and factorization treatments for hadron matr
element will be more stringently tested.

c—Bs

Fourthly, the form factoFg (0) is sensitive to the shape
parameter oBs WFs; Fifthly, By keeping the parton trans-
verse momenturkr, and employing the Sudakov factors to
suppress the long distance contribution in ldsgegion [14],

the form factorFg=~%(0) is perturbatively calculable with
the pQCD approach. The contribution to form factor comes
completely fromxs/7t < 0.3 region with the scale of eq. (27);
Lastly, considering the uncertainties, our results isoaable
agreement with the previous results listed in Table 3.

For the branching rati®r (B.— Bgr), our study show that:
Firstly, the dominated contribution comes from the facori
able topology Figures 2(a) and (b). The interference batwee
nonfactorizable diagrams Figures 2(c) and (d) is destreicti
Secondly, the main uncertainty is froBa WFs. Considering
the uncertainties, our results is basically comparable thié  There are four diagrams contributing to tBe— Bgr decay
previous results listed in Table 3, and is also agreemeht wit which are shown in Figure 2. The expression of the decay
recent LHCb estimat®r(B.—Bgr) ~ 10% [12]. amplitudes in eq. (28) are

Appendix The decay amplitudes

Table3 Form factorF¢~®(0) and branching rati®r (B.—Bsr) (in the unit of %) in the previous literature

Ref. Fo Ref. Fo Brx10? Ref. Brx10?
[33] 0.926) [34] 1.03 12.01[10.9) [36] 5.319
[37] 1.029 [38] 0.573[0.5719 3.723[3.6979 [39] 3.9
[40] 0.73+503+0.0%9) [41] 0.55+ 0.03"V 48+ 05" [42] 1.57
[43] 1.02 [44] 0.58+5910) 3517029 [45] 4.30
[46] 0.297 [47] 0.50" 2.52 [48] 5.9
[49] 0.619 [50] 1.3" 16.4" [7] 5.93
[51] 0.403-0.617V [52] 1.3" 17.5" [6] 2.19)
[53] 0.60+ 0.12%) [54] 0.66” 4.00) [6] 3.10
[55] 0.30+ 0.05™ [56] 0.61 3.28 [56] 4.669
[57] 0.5917 [58] 0.340-0.92%) 1.23-9.09)

[59] 0.564) 4.3P)

a) It is estimated with the Isgur-Scora-Grinstein-Wise] [@%ark model.

b) It is estimated with the relativistic quark model, whage= 1.26 [1.2].

c) Itis estimated with the QCD factorization approach [1t3he leading order.

d) It is estimated with a relativistic quark model based oofining potential in the equally mixed scalar-vector haniodorm.

e) Itis estimated with the light-front quark model, where thteraction is Coulomb plus linear [harmonic oscillatoohfining potentials.
f) Itis estimated with a relativistic quark model.

g) Itis estimated with covariant light-front quark modeheve the uncertainties are from the decay constaBt @aihdBs mesons.

h) It is estimated with the BSW [28] model.

i) It is estimated with a relativistic quark model based om Bethe-Salpeter equation, where= 1.2.

j) Itis estimated with the light-cone QCD sum rules.

k) It is estimated with the framework of a nonrelativistinstituent quark model.

1) It is estimated with covariant quark model.

m) It is estimated with QCD sum rules.

n) It is estimated with the BSW [28] formalism, where uncietiais from mass ob, ¢, s quark and shape parameteof wave functions.
0) Itis estimated by vertex sum rules.

p) Itis estimated by overlap integral of the meson wave fonst
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1 00
= —i8nCr fmf (113 )re, f deldxz f ) by,

X Ea(ta)s(ta)Ha(@ Ba, D) [Ca(ta) + N5 Ca(ta) ] ¢, (%:){65, () el e, + e = Xo] + ¢, (a)[XeTs, + Tc = Fe,rcl),

1 =
= —i8nCe fmf (1- 12 ) f dad f bt

X Ep(to)rs(to) Ho(@, Bb. b2) [Ca(to) + N5 'Calt) | X165 (xa){#5, (%)[1 - re,] + 65, ()13},

~i32nCemf,

1 00
=—1—r2rfdxdxdxfbdbbdb
N ( BS)BS Dadxadxs | D2dbz0s0l0s

x Ec(te)s(te)He(@. Be. 2. b3)Calte) s, (%2)d2(xa){ #, (x1)(1 — Te.) (X2 — X1) + ¢, (x2)[13 (X2 — Xa) + (Xa — X1)1}.

~i82nCemt,

1 00
=—1—r2fdxdxdxfbdbbdb
o ( Bs) . 10x20%3 . 20b,bsdbs
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(31)

(32)

(33)

x Eq(ta)rs(ta)Ha(ev, Ba, b2, bs)Calta) ¢, (Xa)¢3(xa) {5, 0) B[ (X1 — 36) — 13 (X2 — Xa)] — 6, (x)(1 — 'B,) (X1 — X2)}, (34)

re the evolution factdE,, and the kernel functioil,,

are the same as those for tBge— Bs transition form factors

give
Sud

nin sect. 4. The evolution fact@.y = €S5S, The
akov factor$g, are given in eq. (21). And the Sudakov

factorsS; is defined as:

t
_ d
Se(t) = S(XaP3., bs) + S(Xap3. b) + 2 f o —:yq. (35)
/b3

The
H

hard-scattering kernel functibfy 4 is defined as:

i(a»ﬁh b2» b3)
Kol \/Bb2){6(b — bs)Ko(b, Va)lo(bs V) + byeobs)i36)

wherea andg; are the virtualities of internal gluons and
quarks in Figure 2, respectivelty;js the maximal (either lon-
gitudinal or transverse) virtuality of propagators:

This

(37)
Pa=-m0a - )4 -X-r30e-%)  (38)
ti = max viel, ViBil. 1/bz, 1/b5) for i=c.d. (39)

Be = —Mé(xq — XZ)[Xl - X3 - r2BS(Xz - Xs)],
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