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Abstract
With the potential prospects of the Y(15) data samples at the running LHC and upcoming
SuperKEKB, the T(1S5) — B.p weak decays are studied with the pQCD approach. It is found that
(1) the lion’s share of branching ratio comes from the longitudinal polarization helicity amplitudes;
(2) branching ratio for the Y(1S5) — B.p decay can reach up to O(10~Y), which might be hopefully

measurable.
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I. INTRODUCTION

The Y(15) meson consists of the bottom quark and antiquark pair bb, carries the defi-
nitely established quantum numbers of I¢JF¢ = 0717~ [1], and lies below the kinematic
BB threshold. The T(15) meson decay mainly through the strong interaction, the electro-
magnetic interaction and radiative transition. Besides, the T (1.5) meson can also decay via
the weak interactions within the standard model. More than 10® T(1S) data samples have
been accumulated at Belle [2]. More and more upsilon data samples with high precision are
promisingly expected at the running LHC and the forthcoming SuperKEKB. Although the
branching ratio for the YT(15) weak decay is tiny, it seems to exist a realistic possibility to
search for the signals of the T(1.5) weak decay at future experiments. In this paper, we will
study the Y(1S5) — B.p weak decay with the perturbative QCD (pQCD) approach [3-5].

Experimentally, there is no report on the Y(15) — B.p weak decay so far. The signals for
the T(15) — B.p weak decay should, in principle, be easily identified, due to the facts that
the final states have opposite electric charges, have definite momentum and energy, and are
back-to-back in the rest frame of the T(1.5) meson. In addition, the identification of a single
flavored B, meson could be used to effectively enhance signal-to-background ratio. Another
important and fashionable motivation is that evidences of an abnormally large branching
ratio for the T(1.5) weak decay might be a hint of new physics.

Theoretically, the T(15) — B.p weak decay belongs to the external W emission topog-
raphy, and is favored by the Cabibbo-Kabayashi-Maskawa (CKM) matrix elements |V, V.5 |.
So it should have relatively large branching ratio among the Y(1S) weak decays, which has
been studied with the naive factorization (NF) approximation [6, [7]. Recently, some attrac-
tive methods have been developed, such as the pQCD approach [3-5], the QCD factorization
approach [8410], soft and collinear effective theory [11-14], and applied widely to accommo-
date measurements on the B meson weak decays. The YT (1S) — B.p decay permit one to
cross check parameters obtained from the B meson decay, to test the practical applicability
of various phenomenological models in the vector meson weak decays, and to further explore
the underlying dynamical mechanism of the heavy quark weak decay.

This paper is organized as follows. In section [I we present the theoretical framework
and the amplitudes for the T(1S) — B.p decay with the pQCD approach. Section [Tl is

devoted to numerical results and discussion. The last section is our summary.



II. THEORETICAL FRAMEWORK
A. The effective Hamiltonian

The effective Hamiltonian responsible for the YT(15) — B.p weak decay is [15]
Har = ZEVVE {Cr) Qi) + Cal) Q) + Hee, 1)
V2
where G ~ 1.166x10~° GeV~? [1] is the Fermi coupling constant; the CKM factor is written
as a power series in the Wolfenstein parameter A o~ 0.2 [1],

1 1
VaVi, = AN — §A>\4 — §A>\6 + O(\%). (2)

The local operators are defined as follows.

Q1 = [CaVu(1 = 75)Dal[@s7" (1 — 5)ug), (3)
Q2 = [Cau(1 —75)bs][Gs7" (1 — ¥5)ual, (4)

where « and [ are color indices.

From Eq.(), it is clearly seen that only the tree operators contribute to the concerned
process, and there is no pollution from penguin and annihilation contributions. As it is well
known, the Wilson coefficients C'y »(p+) summarize the physical contributions above the scales
of i1, and could be properly calculated with the renormalization group assisted perturbation
theory. The physical contributions below the scales of p are included in the hadronic matrix
elements (HME) where the local operators sandwiched between initial and final hadron
states. The most complicated part is the treatment on HME, where the perturbative and
nonperturbative effects entangle with each other. To obtain the decay amplitudes, the

remaining work is to calculate HME properly.

B. Hadronic matrix elements

With the Lepage-Brodsky approach for exclusive processes |16], HME could be expressed
as the convolution of hard scattering subamplitudes containing perturbative contributions
with the universal wave functions reflecting the nonperturbative contributions. To eliminate
the endpoint singularities appearing in the collinear factorization approximation, the pQCD

approach suggests [3-5] retaining the transverse momentum of quarks and introducing the
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Sudakov factor. Finally, the decay amplitudes could be factorized into three parts [4, 5]: the
hard effects enclosed by the Wilson coefficients C;, the heavy quark decay subamplitudes H,

and the universal wave functions @,
/ dk Cy(t) H(t, k) B(k) e, (5)

where ¢ is a typical scale, k is the momentum of the valence quarks, and the Sudakov factor

e~ can effectively suppress the long-distance contributions and make the hard scattering

more perturbative.

C. Kinematic variables

The light cone kinematic variables in the Y(15) rest frame are defined as follows.

my
= p = —(1,1,0), 6
Dr P1 \/5( ) ( )
pB. = p2 = (p3,p3,0), (7)
pp = p3s = (p3.07,0), (8)
k; = x;pi+ (0,0, Eu), 9)
d=r_ (10)
m; o Pithny
e = (0,0,1), 11

(11)
(12)
(13)
s = 2pops, (14)
t =2pipy = 2my By, (15)
u = 2p1:p3 = 2my Es, (16)

VIm? = (ma +mg)?] [m} — (my —my)?]

le

where z; and EZ 1 are the longitudinal momentum fraction and transverse momentum of
the valence quark, respectively; ei-' and ¢ are the longitudinal and transverse polarization
vectors, respectively, satisfying with the relations ¢ = —1 and ¢;-p; = 0; the subscript 4
= 1, 2, 3 on variables p;, F;, m;, and ey’l correspond to the Y(1S), B. and p mesons,
respectively; n, is the null vector; s, ¢ and u are the Lorentz-invariant variables; p is the

common momentum of final states. The notation of momentum is displayed in Fig[Ii(a).
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D. Wave functions

With the notation in [17, 18], the definitions of the diquark operator HME are

OO, ey = I [tk =LA g (b))} (19)
OO 1) = I [ath =L Y (k- pr@F0)] ) (19)

(B2 (po)] ()b (0)]0) = f'ch / s €572 {35 o + o) 05, (1)} (20)

(7 (s, DO (2)10) = 5 [ k= g ko4 A4 s 01 ks) + s 23k} (21)

(s, DO (210) = 7 [ dks =] gy @Y (ko)

+ fy b3 T (ks) +

rm,
> Euvap V5 ’Y“ 63 p3 ny (I)A(k3)} (22>
3 T+

where fy and fp_ are decay constants; the definitions of wave functions CI)g’t’s and @X’T’A can
be found in Ref. [17, 18]. In fact, for the p meson, only three wave functions Py and <I>X’A
are involved in the decay amplitudes (see Appendix [A]). The twist-2 distribution amplitude

for the longitudinal polarization p meson is [17, [18]:
v(x) = f,6 b OS2t 23
Sp(x) = o622 a Cy (1), (23)
1=0

where f, is the decay constant; 2 =1 — z;t = — x; al-' and C’f’/z(t) are the Gegenbauer

moment and polynomial, respectively; ay

= 0 for odd i due to the G-parity invariance of
the p distribution amplitudes. For the twist-3 distribution amplitudes of the transverse

polarization p meson, for simplicity, we will take the asymptotic forms [17, [18]:
3
o) = o1+ ), (24)

6p) = fpo (1) (25)

Because of my(15y ~ 2my, and mp, ~ my + m,, both T(1S) and B, systems are nearly non-
relativistic. Nonrelativistic quantum chromodynamics (NRQCD) [19-21] and Schrodinger
equation can be used to describe their spectrum. The eigenfunction of the time-independent
Schrodinger equation with scalar harmonic oscillator potential corresponding to the quantum

numbers nL = 1S is written as

S(K) ~ 7R/, (26)
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where parameter 5 determines the average transverse momentum, i.e., (15 \k 11S) = B2
Employing the substitution ansatz |22,

1k +me
By e (27)

Z;

where x;, EZ 1, m,, are the longitudinal momentum fraction, transverse momentum, mass of
the valence quarks in hadrons, respectively, with the relations > z; = 1 and > /ZZ 1 =0, then

integrating out E, 1 and combining with their asymptotic forms, one can obtain |17, 23]

b r) = Az exp{ - T LT 29
$4() = 65 (0) = Baren{ - B, 20
ol (z) = C ¥ exp{ - 85”1;%}, (30)
() = DL+ @) expf — TR} e

where ; = &as(&;) with § = m;/2 based on the NRQCD power counting rules [19]; param-

eters A, B, C', D are the normalization coefficients satisfying the conditions

/d:vgbBc ) =1, /d:ng /d:ng (32)

o

T0000
&
T

k=l

FIG. 1: Feynman diagrams for the T — B.p decay with the pQCD approach, where (a) and (b)

are factorizable emission diagrams, (c) and (d) are nonfactorizatble emission diagrams.

E. Decay amplitudes

The Feynman diagrams for the T(15) — B.p decay are shown in Figll], including factor-

izable emission topologies (a) and (b) where gluon connects to the quarks in the same meson,
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and nonfactorizable emission topologies (¢) and (d) where gluon attaches to the quarks in
two different mesons.

The amplitude for the Y(15) — B.p decay is defined as below [24],
A(Y(1S)=Bep) = Ap(el,eh) + An(el, e5) + i Ar €uap € €5 05 D, (33)

which is conventionally written as the helicity amplitudes [24],

Ay = —Cy ZAZ 51, 63) (34)
= \/§CA mipy Af, (36)
Gp C
Ca = i 5 T hr fo VoVl (37)
where Cp = 4/3 and the color number N = 3; the the superscript i on A} y ;- corresponds

to the indices of Figlll The explicit expressions of building blocks A7 y - are collected in

Appendix [Al

III. NUMERICAL RESULTS AND DISCUSSION

In the rest frame of the T(15) meson, branching ratio (Br), polarization fractions (fo 1)
and relative phase between helicity amplitudes (¢, 1) for the T(1S) — B.p weak decay are
defined as

1
Br = 127 m2F {|A0|2+|A”|2+|AL| } (38)
_ [ Ao,
fO,“,J- - ‘AOP"“A”P"—‘ALP’ (39)
O = arg(AjL/Ao), (40)

where mass myng) = 9460.304+0.26 MeV and decay width 'y = 54.02+1.25 keV [1].

The values of other input parameters are listed as follows. If not specified explicitly, we
will take their central values as default inputs.

(1) Wolfenstein parameters [1]: A = 0.8147005; and A = 0.2253740.00061.

(2) Masses of quarks [1]: m, = 1.67£0.07 GeV and m;, = 4.78+0.06 GeV.



(3) Gegenbauer moments ag =1 and ag = 0.15£0.07 for twist-2 distribution amplitudes
of the p meson [18§].

(4) Decay constants: fy = (676.4£10.7) MeV [23], fp, = 4895 MeV [25], f, = 216+3
MeV [18].

Our numerical results are presented as follows.

Br = (8.3410 80 0 aa 00 156) X 1077, (41)
fo = (82.2209H13500)%, (42)

fi = (15.050055:2500) %, (43)
fL= (28506103500 %, (44)

¢|| = 07 ¢J_ >, (45)

where the first uncertainty comes from the choice of the typical scale (1£0.1)t;, and the
expression t; is given in Eq.([A24) and Eq.([A23]); the second uncertainty is from masses m,
and m,; the third uncertainty is from hadronic parameters including decay constants and
Gegenbauer moments; and the fourth uncertainty of branching ratio comes from the CKM
parameters. The following are some comments.

(1) The branching ratio is about two or three orders of magnitude larger than the previous
estimation [0, [7] with the NF approximation. Many factors lead to this large difference.
For example, the values of Wilson coefficients are dynamically enhanced due to the choice
of typical scale within the pQCD framework [24]. Both factorizable and nonfactorizable
effects contribute to the decay amplitudes with the pQCD approach, while only factorizable
contributions are considered with the NF approximation, and so on. Anyway, these different
predictions should be examined by the future experiments.

(2) Branching ratio for the T(1S5) — B.p decay can reach up to O(107%) with the pQCD
approach, which might be measurable at the running LHC and forthcoming SuperKEKB.
For example, the T(1S) production cross section in p-Pb collision is about a few ub at LHCb
[26] and ALICE [27]. Over 10'? T(15) data samples per ab~! data collected at LHCb and
ALICE are in principle available, corresponding to a few thousands of the Y(15) — B.p

events.



(3) There is a hierarchical pattern among the longitudinal f;, parallel f, and perpendic-
ular f, polarization fractions, i.e.,
2

p p
Jorfy:fi=1: : , (46)
| \/§mr(15) 27"7%(15)

where p is the common momentum of final state in the rest frame of the T(15) meson. The
relation Eq.(46]) is basically agree with previous estimation [7]. It means that the contri-
butions to branching ratio for the T(1S5) — B.p decay mainly come from the longitudinal
polarization fractions, because of fo > f| > fi.

(4) The relative phase ¢ is close to zero. The reason is that the factorizable contribu-
tions from diagrams Figll(a,b) is real and proportional to the large coefficient a;, while the
nonfactorizable contributions from diagrams Figlll(c,d) is suppressed by the color factor and
proportional to the small Wilson coefficient (5, and the strong phases arise only from the
nonfactorizable contributions, which is consistent with the prediction of the QCD factor-
ization approach [, 9] where the strong phase arising from nonfactorizable contributions is
suppressed by color and a4 for the a;-dominated processes. The relative phases, if they could

be determined experimentally, will improve our understanding on the strong interactions.

IVv. SUMMARY

The Y(15) weak decay is allowable within the standard model. In this paper, the T(15)
— B.p weak decays are studied with the pQCD approach. It is found that with the nonrel-
ativistic wave functions for Y(1S) and B, mesons, the longitudinal polarization fraction is
the largest one, and branching ratios for the Y(15) — B.p decay can reach up to O(1077),

which might be detectable at the future experiments.

Acknowledgments

We thank Professor Dongsheng Du (IHEP@QCAS) and Professor Yadong Yang (CCNU)
for helpful discussion. The work is supported by the National Natural Science Foundation

of China (Grant Nos. 11547014, U1232101, U1332103 and 11275057).



Appendix A: Building blocks of decay amplitudes

For the sake of simplicity, the amplitude for the T(1S) — B.p decay, Eq.[33]), is de-
composed into building blocks AiL ~,» Where the superscript i corresponds to the indices of
Figlll With the pQCD master formula Eq.(H), the explicit expressions of A7, y  are written

as follows.

1 1 00 00
A2 = / dny / da, / “hudhy /  badby (1)
¢Bc (x2> Ef(ta) as(ta> ai (ta> Hf(aeu 5a7 bla b2)
{mfsjtmgmbu—(4mfp2+m§u)i2}, (A1)
1 1 o] 00
A?V = m m3/0dx1/0dx2/0 b1db1/0 bzdb2 ¢¥($1)
¢Bc ($2) Ef(ta) Oés(ta) a’l(ta) Hf(aea ﬁaa bl> b2)

{ng To —2m2mb—t}, (A2)
1 1 00 00
.A% = 2m1 ms /Odl’l/odl’g/o bldbl/o bgdbg ¢¥([L’1)
¢Bc ($2) Ef(ta) as(ta) a'l(ta) Hf(aea 6(17 bl> bQ)a (AB)
1 1 00 00
Ab = / duy / da, / budby / by
bp, (o) Ef(ty) as(ty) a1 (tp) Hy (e, By, ba, b1)
{(b”T(xl) {m% (s —4p*) Ty + 2momeu — m3 u}
+¢he (1) My [s (2my — me) — 2my u:i'l} }, (A4)
1 1 [e'e) [e'e)
A = mg / dny / dz / “hudby / by
bp.(12) Ef(ty) as(ts) ai(ty) Hy(oe, By, b2, by)
{¢¥(SL’1) mq [2 m% — 4m2 me — ti’l}
+¢ (1) {t (me — 2ma) + 4mimy :fl} }, (Ab)
1 1 [e'e] [e’e)
AL = —2m, /del/odxg/o bldbl/o bydb,

¢, (12) Ef(ty) as(ty) ar(ty) Hy(c, By, ba, b1)
{@% @) my @y + 65 (21) (me — 2ms) }, (A6)

A — Ni / ;dasl / ;d:zg / ;datg / :Odbl / Zobgdbg / Zobgdbg

¢Bc(x2> ¢Z(5E3> En(tc) as(tc> C2(tc> Hn(aea 507 b27 b3)
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3(by — by) { @ (z1) u [t oy — 2m3 w3 — 575

+ % (1) my g [sx2+2m§f3 —uxl”, (A7)
¢ = % / :dasl / ;dzzg / :dzzg / Zodbl / Zobgdbg / Zobgdbg

O (22) En(te) as(te) Ca(te) Hu(ae, Be, be, bs)

{&Y(21) 6} (x3) my [25 75 + Amfay — 2t ]

+¢(21) @) (3)

+67 (21) ¢ (23) 21 ma p (w2 — T3) } 3(br — ba), (A8)
e = ;\?2 / (l)dxl / ;d:@ / (l)dxg / zodbl / :Obgdbg / zobgdbg

O (22) En(te) as(te) Ca(te) Hu(ae, Be, be, bs)

{@¥(21) 67 (z3) (2575 + Am3as — 2t )]

+h (1) ) (w3) 2 [2 m3ry —tay — ujg,}

+2myp % (1) 6y (w3) (w2 — ) } (by — ba), (A9)

Ad — Ni / :d:)sl / :de / :)dxg / Zodbl / :OdebQ / Zobgdbg

O5.(22) ¢p(@3) En(ta) as(ta) Ca(ta) Ha(e, Ba, b2, b3)

3(by — ba) { & (21) my ma [s 02 + 2m w5 — u s

+¢5 (1) 4mi p? (5 — 36’2)}7 (A10)
Al = % / ;d:)sl / ;de / ;dxg / :odbl / :OdebQ / Zobgdbg

01 (11) ¢, (22) En(ta) as(ta) Colta) Hy(ove, Ba, ba, bs)

3(by — ba) { &) (w3) ma [2m3 21 — t 2y — u ]

+2mymap ¢ (w3) (32 — 73) }, (A11)
Al = ]7\7‘; / ;d:cl / ;d:cg / ;d:cg / Zodbl / :Obgdbg / :Obgdbg

01 (1) ¢, (22) En(tq) as(ta) Ca(ta) Hnlove, Ba, ba, bs)

3(by — ba) { &) (ws) 72 [2m3 w1 — t 23 — w s

+2map &y (w3) (2 — 73) }, (A12)

mo {mexl —tIQ —Ui’g}

where T; = 1 — x;; variable x; and b; are the longitudinal momentum fraction and the
conjugate variable of the transverse momentum k;, of the valence quark, respectively; a is

the QCD coupling; a; = C; + Cy/N; C} 5 are the Wilson coefficients.

11



The function Hy, and Sudakov factor Ey, are defined as follows, where the subscripts

f and n correspond to factorizable and nonfactorizable topologies, respectively.

Hy(oe, B.bi, b)) = Ko(v/=acb){0(b: — b)Ko(y/=Bb:) Io(\/=Bb;) + (b:3b;) ). (A13)

Ho(ae, 8,62, b5) = {0(=8)Ko(y/=Bbs) + Z0(8)[i0(y/Bbs) — Yo(y/Bbs)] }

x {0(bs — bs) Ko(v/=0rebo) To(v/=0icbs) + (ba43) }, (A14)

Ef(w) = exp{—Sp,.(w)}, (A15)

En(w) = exp{—S5p,(w) = Sy(w)}, (A16)

Sp.(w) = s(za,p3,1/by) +2/1/b2 o (A17)
Sp(w) = s(x3,p3,1/bs) + s(Z3,p5,1/b3) +2/ /b377q’ (A18)

where Jy and Y (/p and Kj) are the (modified) Bessel function of the first and second kind,
respectively; v, = —ay/m is the quark anomalous dimension; the expression of s(z, (), 1/b)
can be found in the appendix of Ref.[3]; a. is the gluon virtuality; the subscript of the quark
virtuality §; corresponds to the indices of Figlll The definitions of the particle virtuality

and typical scale t; are listed as follows.

Qe = Tim: + Tams — T1Tat, (A19)
Ba = mi —mj + T3m3 — Tot, (A20)
By = m3 —m?+zim? — T1t, (A21)
Be = imi + im; + T5my

— X1Tot — T1T3U + ToT38, (A22)
Ba = ximi + x5ms + xim3

— T1Tal — T1T3U + ToT3S, (A23)

ta(b) = max( V — O, \/ _6a(b)> 1/b1> 1/b2)> (A24)
tc(d) = max(\/ —Ql, 2/ |Bc(d)‘7 1/()2, 1/()3) (A25)
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