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We analyze the B — K5(— Kmr)l*1~ (with [ = e, u, 7) decay in the standard model and two new
physics scenarios: the vectorlike quark model and family nonuniversal Z’' models. We derive the
differential angular distributions using the recently calculated form factors in the perturbative QCD
approach. Branching ratios, polarizations, forward-backward asymmetries, and transversity amplitudes
are predicted, from which we find a promising prospective to observe this channel in future experiments.
We update the constraints on effective Wilson coefficients and/or free parameters in these two new physics
scenarios by making use of the B— K*I*]~ and b — sI*]~ experimental data. Their impact on
B — K;I*1™ is subsequently explored and, in particular, the zero-crossing point for the forward-backward
asymmetry in these new physics scenarios can sizably deviate from the standard model. In addition we

also generalize the analysis to a similar mode, B, — f4(1525)(— K*K™)I"I™.

DOI: 10.1103/PhysRevD.83.034034

L. INTRODUCTION

Discoveries of new degrees of freedom at the TeV energy
scale, with contributions to our understanding of the origin
of the electroweak symmetry breaking, can proceed in two
different ways. One is a direct search of the Higgs boson, the
last piece needed to complete the standard model (SM), and
particles beyond the SM, to establish new physics (NP)
theories. The other effort, which is ongoing, is to investigate
processes in which the SM is tested with higher experimen-
tal and theoretical precision. In the latter category, rare B
decays are among the ideal probes. Besides constraints on
the Cabibbo-Kobayashi-Maskawa (CKM) matrix, includ-
ing apexes and angles of the unitary triangle, which have
been contributed by semileptonic » — u/c and nonleptonic
B decays, respectively, the electroweak interaction structure
can also be probed by, for instance, the b — sy and b —
sI"1~ modes which are induced by loop effects in the SM
and therefore sensitive to the NP interactions.

Unlike b — sy and B — K"y which have only limited
physical observables, b — sI*[~, and especially B —
K*I"1~, with a number of observables accessible, provides
a wealth of information of weak interactions, ranging from
the forward-backward asymmetries (FBAs), isospin sym-
metries, and polarizations to a full angular analysis. The
last barrier to accessing this mode, the low statistics with a
branching fraction of the order 107, is being cleared by B
factories and the hadron collider at Tevatron [1-3]. The
ongoing LHCb experiment can accumulate 6200 events per
nominal running year of 2 fb~! with /s = 14 TeV [4],
which allows one to probe the short-distance physics at an
unprecedented level. For instance, the sensitivity to the
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zero-crossing point of FBAs can be reduced to 0.5 GeV?
and might be further improved as 0.1 GeV? after the
upgrade [5]. This provides a good sensitivity to discrimi-
nate between the SM and different models of new physics.
There are also a lot of opportunities at the Super B factory
[6]. Because of these virtues, theoretical research interests
in this mode have exploded and the precision is highly
improved; see Refs. [7-22] for an incomplete list.

Toward the direction to elucidate the electroweak
interaction, B — K*IT[~ and its SU(3)-related mode
B, — ¢~ are not unique. In this work, we shall point
out that B — K3(1430)/"I~ and the B, counterpart
B, — f5(1525)I*1," which so far have not been investi-
gated in detail [23-26], are also useful in several aspects.
Because of the similarities between K* and K3, all experi-
mental techniques for B — K*IT]~ are adjustable to
B — K3I"1”. The main decay product of K3 is a pair
consisting of a charged kaon and a pion which are easily
detected on the LHCb. Moreover, as we will show in the
following, based on either a direct computation in the
perturbative QCD approach [27] or the implication of
experimental data on the B — K7y process, the branching
ratio (BR) of B — K;‘l*l’ is found to be sizable.
Therefore, thousands of signal events can be accumulated
on the LHCb per nominal running year.

As a consequence of the unitarity of the quark mixing
matrix, the tree-level flavor-changing neutral current
(FCNC) is forbidden in the SM. When higher order cor-
rections are taken into account, » — s/t~ arises from the
photonic penguin, the Z penguin, and the W-box diagram.
The large mass scale of virtual states leads to tiny Wilson

"Hereafter, we will use K3 and f} to abbreviate K3(1430) and
£4(1525).
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coefficients in b quark decays and thus b — sI*1~ would
be sensitive to the potential NP effects. In certain NP
scenarios, new effective operators out of the SM scope
can emerge, but in other scenarios, only Wilson coeffi-
cients for effective operators are modified. In the latter
category, the vectorlike quark model (VQM) [28-36] and
family nonuniversal Z' models [37-42] are simplest and
therefore of theoretical interest. In this work we shall also
elaborate on the impact of these models on B — K;171™.

The rest of the paper is organized as follows. In Sec. II,
we collect the necessary hadronic inputs, namely, form
factors. Section II contains the analytic formulas for dif-
ferential decay distributions and integrated quantities. In
Sec. IV, we give a brief overview of two NP models whose
effects we will study. Section V contains our phenomeno-
logical analysis: the predictions in the SM, an update of
the constraints on the VQM and Z’ model parameters, and
the NP effect on the physical quantities. We conclude in the
last section. In the appendices, we give the effective
Hamiltonian in the SM and the helicity amplitude method.

II. B — K, FORM FACTORS

B — K3I"1” decay amplitudes contain two separate
parts. Short-distance physics, in which contributions at
the weak scale wy are calculated by perturbation theory
and the evolution between my and the b quark mass scale
my, is organized by the renormalization group. These de-
grees of freedom are incorporated into Wilson coefficients
and the obtained effective Hamiltonian responsible for
b — sI*1” in Appendix A. The low-energy effect charac-
terizes the long-distance physics and will be parametrized
by hadronic matrix elements of effective operators, which

€TM(i2) = 0,

The contraction is evaluated as €(0) - Pg/mg = | f’K;

to the ordinary polarization vector €, regardless of the dimensionless constants \/% |p K

eru(£1) = miB %40)  Pye, (),
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are usually reduced to heavy-to-light form factors in semi-
leptonic B decays.

The spin-2 polarization tensor, which satisfies
€,,P5 = 0, with P, being the momentum, is symmetric
and traceless. It can be constructed via the spin-1 polar-
ization vector €:

€0n(£2) = €, ()6, (%),
€(=1) = %m(r)ey(m T e (2)e, (0)]

%[GM(-I-)G,,(—) + e, (H)en(-)]

+ \/geﬂ(O)EV(O).

In the case of the tensor meson moving on the z axis, the
explicit structures of € in the ordinary coordinate frame are
chosen as

)

|
E,u,(o) = —(lpl(; » O; 0; EK;);
mK;

1 2)
2
where EK; and 13,(; are the energy and the momentum

magnitude of K3 in the B meson rest frame, respectively.
In the following calculation, it is convenient to introduce a
new polarization vector €7,

€,(*)=—=(0, %1, —-40),

1
ET/,L(h) = m_f,uy(h)PE» (3)
B
which satisfies
1 2
1,0 =1 L0 Pre, ) @
B

/m K and thus we can see that the new vector €7 plays a similar role

Jmg; or BBl /.

The parametrization of B — K form factors is analogous to the B — K™ ones [25-27,43],

(K3 (P, €)|5y*b|B(Pp)) = — .

£3
€r

Vpo ¥
emre ETVPBPPZ(,,

* = D . ' q . * E* : q
(K3 (P, €)|5y*ysb|B(Pp)) = 2img; A(q?) 7 q* + i(mp + mK;)Al(qz)[ETp. - qu C]“]

€ q

Bt Rr e
B K;

2 2

Mg — My
[P'u_ ¢ qu'u]y

q

(K5(Py, €)50%7q,b|B(Pg)) = —2iT\(¢*)€""?7 €1,P g, Posr,

(K3 (P, €)|50""y5q,bI1B(Pp)) = T(q*)[(m§ — mi. )€y, — €} - qP*] + T5(g*)er

.ql:qu — 2‘]7221)#], 5)
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where ¢ = Py — P,, P = Py + P,. We also have the re-
lation 2mK;A0(O) = (mpg + mK;)Al(O) —(mp— mK;)Az(O)
in order to smear the pole at g> = 0.

Using the newly studied light-cone distribution ampli-
tudes [44], we have computed B — K form factors [27] in
the perturbative QCD approach (PQCD) [45]. At the lead-
ing power, our predictions are found to obey the nontrivial
relations derived from the large energy symmetry. This
consistency may imply that the PQCD results for the
form factors are reliable and therefore suitable for the study
of the semileptonic B decays. The recent computation in
light-cone QCD sum rules [43] is also consistent with ours.
Results in the light-cone sum rules (LCSR) in conjunction
with B-meson wave functions [46], however, are too large
and thus not favored by the B — K3y data. In our work the
B — K; form factors are q2 distributed as [27]

F(0)

2y —
F @) = = 2 imd) (1 = ala?/m) + (@ IR’

(6)

where F denotes a generic form factor among Ag, A, V,
T,—5. Neglecting higher power corrections, A, is related to
AO and Al by

2 + g 2 2
Ay(g) = ?qz[(mB + mK;)Al(CI ) — ZmK;Ao(q )}

(N

Numerical results for the B — K3 and B; — f%(1525) form
factors at the maximal recoil point and the two fitted
parameters a, b are collected in Table I. The two kinds
of errors are from (1) decay constants of the B meson and
shape parameter w;, and (2) Aqcp, the scales s, and the
threshold resummation parameter ¢ [27].
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TABLE I. B — K5 and B — f}(1525) form factors in the
PQCD approach. F(0) denotes results at the point ¢g> = 0, while
a, b are the parameters in the parametrization shown in Eq. (6).
The two kinds of errors are from (1) decay constants of the B
meson and the shape parameter w;, and (2) Aqcp, factorization
scales ts, and the threshold resummation parameter c.

F F(0) a b

VIR 02LNETE LTINETE 066755
Ag o OISIRETEG L70IGHTNR 064155000
A c OI3TETE  OTBTGTE  —OTGETE
A, 2 008G

Ty OITIEING LT3TGHIG 069550
T, t o OI7IGIG 0T9NMENE  —0.0655 5N
T2 0I4RTEE LOIIGRIGE 052558100
VEL02053610R LTSIRRI0R 0.69505 0
Ay 0167RRTER  L69TGNNR 0647400
AP 012G 080TGRNE 001785 6R
Ag“: S

0 O16IEIG LTSGR 7L
T, 016700 082 R0 Re —0.087 300 R0
TP 0I3RR el 057N

III. DIFFERENTIAL DECAY DISTRIBUTIONS
AND SPIN AMPLITUDES

In this section, we will discuss the kinematics of the
quasi four-body decay B — K;(— Kr)I"1~, define angu-
lar observables, and collect the explicit formulas of helicity
amplitudes and/or transversity amplitudes.

A. Differential decay distribution

At the quark level, the decay amplitude for b — sI" [ is
expressed as

N Gr Qep . Cy+Cip,_ - Cy—Cipr_ -
M(b— sI17) = —£ —V, Vi X (u [501y-allllysa + ———2[5b]y-lllly4
N 4 4
. q* _. q* 7
+ Crumil5ic, (1 + v bl L X [y + Coumifir (1 = 39013 x (Bynl). - ®
I
where C;; = C; and Cip = %Cn in the SM. the K3 (lepton pair) rest frame. ¢ is the angle defined by

Sandwiching Eq. (8) between the initial and final states
and replacing the spinor product [55] by hadronic matrix
elements, one obtains the decay amplitude for the hadronic
B process. For the process under scrutiny in this work, the
decay observed in the experiment is actually B — K;(—
Kar)["1~, which is a quasi four-body decay. The conven-
tion on the kinematics is illustrated in Fig. 1. The moving
direction of K3 in the B meson rest frame is chosen as the z
axis. The polar angle 6g (6;) is defined as the angle
between the flight direction of K~ (© ™) and the z axis in

decay planes of K3 and the lepton pair.
Using the technique of helicity amplitudes described in
Appendix B, we obtain the partial decay width
da‘r
dq*d cosfgd cos,de

with the mass correction factor 8; = /1 — 4m?/q*. The

function |2Mg|? is decomposed into 11 terms,

3
= §|MB|2, 9
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[ Mp|?> =[I{C* + 2158 + (I5C* + 2155?) cos(20,) + 2155%sin*6, cos(2¢p) + 24/21,CS sin(26,) cos

+ 23215CS sin(8,) cos + 2152 cosh; + 2+/21;CSsin(6;) sing + 2+/2I,CSsin(26,) sing + 21,52sin26, sin(2¢)],

with the angular coefficients

2
m
I = (JALol? + [Agol?) + 8q—2’ Re[A;A%] + 4

W

4m
1= Z0ALLP + 1AL + 1Agy 1P + |AR|||2](1 - 3—ql> t q—l Re[AL ARy + ALjAgy )

.|;

5= _:812(|AL0|2 + [Agol?),

1
I3 = 1,312(|ALL|2 + AL P + 1AL I* + |Agyl?),

I = 5 BH1ALLP = 1AL + 1Ags = 4P
Iy = \/—,31 [Re(ALoA] ;) + Re(AgoAyy ]

Is = 23/[Re(A, A} ) — Re(Ag A% )]

Iy = —,Blz[lm(ALoA 1)+ Im(AgpA% )]

V2

C=C(K5) and S = S(K3) for B— K;I"1~. Without
higher order QCD corrections, I; is zero and Ig, Iy are
tiny in the SM; this is because only Cy has an imaginary
part. In this sense, these coefficients can be chosen as an
ideal window to probe new physics signals.

|

) 1
LO Kz '\/gmBmKé me;\/a-i

+ 2my(Cyp, — C7R)|:(m%3 + 37'1%(; — ¢HT,

VA _
Apz = Ng: 7[(C9 — Ciol(mp + mg:)A;
- \/gmBmK* :
2m,(Cqp — Cop)
2L I m;qm],

VA VA

[(C9 - CIO)I:(m%} -

(10)
|A 2,
4m?
= V2B,[Re(AL A} | ) — Re(AgoAy,)]
= V2B [Im(A A7) — Im(AgoAy)]
= B%[Im(AL”AZL) + Im(AR”Aj‘u)]. (1D

The amplitudes A; are generated from the

hadronic B — K;V amplitudes H, through A; =
Vig*B
710t BK; = Km)H
m2. — q*)(mg + mg+)A A A
K; q B K; /A1 mp + mg: 2

.
my— m2,

2my(C;. + C
— my,( 7;2 7R)(i\/XT1)

\/XV]

mpg + mK;

Al = Np—=Y2(Cy — Cro) Y2 A, (12)
Lt K; \/amBmK; 9 10 /7 0
with N = [%IVIbV;’}IZqZ/\I/ 2(1 — 4;—’;’2)1/ 2B(K; — Km)]"/2. For convenience, we have introduced transversity
amplitudes as
1 _
ALJ_/II = T(ALJr + ALf)’
VA VAV 2my(Cqp + Crr)
\/_\/_m NK;I:(C9_C10)m I : TR \/XT1],
Bm[(* B K5 q
2my(C;, — C
Ay =V2——— A Ni:| (Cg = Cyo)(mp + my:)A; + M(mz = mz )T |, (13)
\/_mBmKw 2 2 q2 b =
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W

FIG. 1 (color online). Kinematics variables in the B — Kj(—
K~ m*)I"1~ process. The moving direction of K; in the B rest
frame is chosen as the z axis. The polar angle 8 (6,) is defined
as the angle between the flight direction of K~ (u~) and the
z axis in the K; (lepton pair) rest frame. The convention also
applies to the By — f5(— K" K™)I*I~ transition.

and the right-handed decay amplitudes are similar,
Agi = Apile,——c,,- (14)

The combination of the timelike decay amplitudes is used
in the differential distribution

A A
2N+ LC £Ao- 15)

Nomgmi, P

A =Ap — A =

B. Dilepton spectrum distribution

Integrating out the angles 6;, 6, and ¢, we obtain the
dilepton mass spectrum

dr

1
e J GIf + 61} =I5 = 213), (16)

and its expression in the massless limit,

drl’;
d (lALl|2 + IARllz) (17)
q
withi =0, *1ori =0, L, || . After some manipulations

in Appendix B, the correspondence of the above equations
and Eq. (20) with results in Ref. [25] can be shown.

C. Polarization distribution
_ The longitudinal polarization distribution for B—
K31*1™ is defined as
afy _ dFO ar
dg*  dq*/ dg?

315 — I
T3+ 61— 15 — 213

(18)

in which 4 2 can be reduced into /{ in the case of m; = 0

since I{ = —I5. The integrated polarization fraction is
given as

PHYSICAL REVIEW D 83, 034034 (2011)

r, Jdigs

fr ET qu2 dI" (19)

D. Forward-backward asymmetry

_ The differential forward-backward asymmetry of B—
K311~ is defined by

dA d*T
2= [ [ / ]dcoso, . =§16, (20)
dg*dcost; 4

while the normalized differential FBA is given by

dArg

dAyg _ d? _ 3¢ Q1)
dg* & 3L+ 6L — I3 =203

In the massless limit, we have

dAFB o )l /\qZGFaem
dq? Sm%m% 512mm3,

|Vth;}|2Re|:C9C10A1V

my(mg + mg:)
+ Co(Cyp + Cp) ————AT
q
my(mg — mg:)
+ Cio(Crp — C7R)TZT2V] (22)

In the SM, where C- is small, the zero-crossing point s, of
the FBAs is determined by the equation

mb(m mg-)
So

CoA;(50)V(sp) + Cqp, = Ay (50) T (s0)

my(mp — mg-)

+ Gt =T, (s09)V(sg) = 0. (23)

E. Spin amplitudes and transverse asymmetries

Using the above helicity/spin amplitudes, it is also pos-
sible to construct several useful quantities which are ratios
of different amplitudes. The following ones, widely studied
in the B — K™ case, are stable against the uncertainties
from hadronic form factors,

A(l) _ r_- F+ _ -2 RC(A”ATL)
T To+T AP+ 1A1>
A = ALl =14y
JALI? + 14y
A(TS) |AL0AL|| + AROA |||
VIAIPIALI?
ApoA7 | — AroAi
A(T4) |ALo Ll RO | (24)
|AL0AL|| + AROAR”l
with the notation
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Because of the hierarchy inthe SM, I'_ > I, A(Tl) is close
to 1, and therefore its deviation from 1 is more useful to
reflect the size of the NP effects.

IV. TWO NP MODELS

The b — sI* 1~ has a small branching fraction since the
SM has a lack of tree-level FCNC:s. It is not necessarily the
same in the extensions. In this section we will briefly give
an overview of two NP models which allow tree-level
FCNCs. Neither of these models, the vectorlike quark
model and the family nonuniversal Z' model, introduces
a new type of operator, but instead they both modify the
Wilson coefficients Cq, C;y. To achieve this goal, they
introduce an SU(2) singlet down-type quark or a new
gauge boson Z'.

A. Vectorlike quark model: Z-mediated FCNCs

In the vectorlike quark model, the new SU(2); singlet
down quarks D; and Dp modify the Yukawa interaction
sector

Ly=Q,YpHdg + hpQ HDg + mpD; D + He., (26)

where the flavor indices have been suppressed. Q; (H) is
the SU(2) quark (Higgs) doublet, Y, and hj are the
Yukawa couplings, and mp, is the mass of the exotic quark
before electroweak symmetry breaking. When the Higgs
field acquires the vacuum expectation value (VEV), the
mass matrix of the down-type quark becomes

Yd | R
mg=1 - - — | (27
0 | mp

which can be diagonalized by two unitary matrices,
mdia = vEm, VT, (28)

The SM coupling of the Z boson to fermions is flavor
blind, and the flavor in the process with the exchange of the
Z boson is conserved at tree level. Unlikely although
the right-handed sector in the VQM is the same as the
SM, the new left-handed quark is an SU(2); singlet, which
carries the same hypercharge as right-handed particles.
Therefore, the gauge interactions of left-handed down-
type quarks with the Z boson are given by

L,=0, cof@w (I; — sin’6y 0)ZQ;
L COfHW (—sin20,, Q)ZD,, (29)

where g is the coupling constant of SU(2);, 6y is the
Weinberg angle, and Pg;) = (1 = y5)/2. I3 and Q are
operators for the third component of the weak isospin
and the electric charge, respectively.
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Since the ratio &p of the coupling constants deviates
from unity, &, = —sin’0yQp/(If — sin*0y QF), tree-
level FCNCs can be induced after the diagonalization of
the down-type quarks. For instance, the interaction for
b-s-Z in the VQM is given by

5 A
Ly =500 5up bz, + He, (30)
cosfy,

where A, is introduced as the new free parameter:
)‘sb = (‘fD - 1)(V1L))SD(V5)ZD = I)‘sbl eXP(ias)-

Using Eq. (30), the effective Hamiltonian for b — sI*1~
mediated by the Z boson is found by

2G o ~
}[f—»sl*r = T;)\sbci(Sb)v—A[C{(M)v—A

+ ch(COv1al (31
The Wilson coefficients Cy o are modified accordingly,

4 )‘shci(c{ + cf{)

VLQ _ ~SM _
C9 a C9 Tem V;;th ’
. . (32)
CVIQ _ oM 4 Agycs (cp — cg)
10 — 10 a Vi
em ts Vtb

Making use of the experimental data of b — sI™1~, our
previous work [47] has placed a constraint on the new
coupling constant

[Ag] <1 X 1073, (33)

but its phase 6, is less constrained. In the following, we
shall see that the constraint can be improved by taking into
account the experimental data of the exclusive process
B— K*I*I.

B. Family nonuniversal Z’ model

The SM can be extended by including an additional
U(1)" symmetry, and the currents can be given in a proper
gauge basis as follows:

Jh = Gy lel P+ €/ PRl (34)

where i is the family index and ¢ labels the fermions (up-
or down-type quarks, or charged or neutral leptons).
According to some string construction or grand unified
theory models such as Eg, it is possible to have family
nonuniversal Z' couplings, namely, even though e~* are
diagonal, the gauge couplings are not family universal.
After rotating to the physical basis, FCNCs generally
appear at tree level in both the left-handed and right-

handed sectors. Explicitly,
Bit=v, eVl  ~ Bin=v, vl (35

Moreover, these couplings may contain CP-violating
phases beyond that of the SM.
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The Lagrangian of Z'bs couplings is given as
LEne = —8'(BL 5, y,by + BR 5py,bp)Z'" +He. (36)

It contributes to the b — s€ €~ decay at tree level with the
effective Hamiltonian

y 8G B B
HZ = —\/{ (PL5LYubr + PR SRy DR)

X (plhil y"y + pflry L), (37)
where
!
LR _8 My LR
Py = oM, Bff, (38)

with the coupling g associated with the SU(2), group in
the SM. In this paper we shall not take the renormalization
group running effects due to these new contributions into
consideration because they are expected to be small. Since
the couplings are all unknown, one can see from Eq. (37)
that there are many free parameters here. For the purpose
of illustration and to avoid too many free parameters, we
put the constraint that the FCNC couplings of the Z' and
quarks only occur in the left-handed sector. Therefore,
pR =0, and the effects of the Z’ FCNCs simply modify
the Wilson coefficients Cg and C, in Eq. (A1). We denote
these two modified Wilson coefficients by C§ and C%,
respectively. More explicitly,

4w pg eyt pi)

C% =Cy— oy
’ ’ Oem thVts (39)
: 4 ph(pl — p1)

CIZO — CIO + sb A\ 1l 1l .

*
Aem th Vts

Compared with the Wilson coefficients in the vectorlike
quark model in Eq. (32), we can see that the Z’ contribu-
tions in Eq. (39) have similar forms, and the correspon-
dence lies in the coupling constants

L i LR
AspCl = Py CLR ™ Py - (40)

However, the number of free parameters is increased from
2 to 4 since ¢} p in the VQM is the same as in the SM.

V. PHENOMENOLOGICAL ANALYSIS

In this section, we will present our theoretical results in
the SM, give an update of the constraints in the above two
NP models, and investigate their effects on B — Kyu™ ™
and B, — fiu* u™. For convenience, branching ratios of
K and f} decays into K7 and KK will not be taken into
account in the numerical analysis.

A. SM predictions

With the B — K; form factors computed in the PQCD
approach [27], the BR, zero-crossing point of FBAs and
polarization fractions are predicted as

PHYSICAL REVIEW D 83, 034034 (2011)
BB— Kyutp) = (2558 x 107,
fL(B—= Ksu"u™) = (66.6 = 0.4)%,
so(B— Ksutu™) = (3.49 = 0.04) GeV?, (41)
BB— Kyr777) = (9.6782) X 10719,
fi1B— Kitt77) = (57.2 = 0.7)%.
The errors are from the form factors, namely, from the B
meson wave functions and the PQCD systematic parame-
ters. Most of the uncertainties from form factors will

cancel in the polarization fractions and the zero-crossing
point s,,. Similarly, results for B, — f,I*1~ are given as

BB, — fiptu )= (1871 x 1077,
fL(B, = fiutu™) = (632 *+0.7)%,
so(By — fout ™) = (3.53 £0.03) GeV?, (42)
B(B, — fhrTr7) = (5.8537) x 10719,
fL(By— f4m777) = (53.9 = 0.4)%.
We also show the ¢> dependence of their differential
branching ratios (in units of 10~7) in Fig. 2.

Charm-loop effects, due to the large Wilson coefficient
and the large CKM matrix element, might introduce im-
portant results. In a very recent work [20], the authors have
adopted QCD sum rules to investigate both factorizable

diagrams and nonfactorizable diagrams. Their results up to
the region ¢*> = m? /g are parametrized in the following

form,
i =2 i)/ 52
A1 = 5) + ACP (@)D

() P—4*
1+ —
1

ACH" " (q?) =

N C X))

where the three results correspond to different Lorentz
structures: i = 1, 2, 3 for terms containing V, A;, and A,,
respectively. The numerical results are quoted as follows

Acl (@) = 072793, AV =010, A =113
ACP (@) = 076737, rP =009, =112
ACY (@ =111tk 9 =006 A =105

(44)

It should be pointed out that not all charm-loop effects in
B — K;I*1™ are the same as the ones in B— K*I"]".
Among various diagrams, the factorizable contributions,
which can be simply incorporated into Cy given in
Eq. (A3), are the same. The nonfactorizable ones are
more subtle. In particular, the LCSR with B-meson distri-
bution amplitudes are adopted in Ref. [20], in which inter-
mediate states like K* are picked up as the ground state.
The generalization is not straightforward to the case of K
since in this approach states below K3 may contribute in a
substantial manner. However, in another viewpoint, i.e. the

034034-7
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conventional LCSR, they may be related. In our previous
work we have shown that the light-cone distribution am-
plitude of K3 is similar to K™ in the dominant region of the
PQCD approach. If it were also the same in the conven-
tional LCSR, one may expect that the charm-loop effects in
the processes under scrutiny have similar behaviors as the
ones in B — K*["1~. Therefore, as the first step to pro-
ceed, we will use their results to estimate the sensitivity in
the following analysis, and to be conservative, we use

A C(9i)B—>K2* @) = (1= 1)A C(9i)B—>K* ) (45)

in the region of 1 GeV? < ¢> < 6 GeV?. The central val-
ues for g%>-dependent parameters will be used for simplic-
ity, and in this procedure, the factorizable corrections to Cq
given in Eq. (A3) should be set to 0 to avoid double
counting.

With the above strategy, our theoretical predictions are
changed to

fLB— Kip*p™) = (66.6257)%,
so(B— K™ ™) = (3.497913) GeV?,

fLBs—= fou™u™) = (63.243)%,
so(By = fiutp™) = (3.537913) GeV2.

(40)

The uncertainties in the zero-crossing point of the FBAs
are enlarged to 0.4 GeV?2. We also show the ¢ dependence
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1077). The left panel is for / = u and the right panel is for [ = 7.

of the differential polarization in Fig. 3 and the normalized
forward-backward asymmetries in Fig. 4.

In a parallel way, the BR of B — K3/*I~ can also be
estimated by making use of the data of radiative B —
K*(K3)7y decays [48],

B(B°— Kjy) = (124 £2.4) X 107,

B} 47)
B(B® — K*y) = (43.3 + 1.5) X 1076,

The ratio of the above BRs, R = % = 0.29 = 0.06, and

the measured data of B — K*I"[~ shown in Table II give
the implication

B exp(B— K1T17) = (3.1 +0.7) X 1077, (48)
which is remarkably consistent with our theoretical pre-
dictions within uncertainties.

When the large energy symmetry is exploited, the seven
B — K; form factors can be reduced into two independent
ones, {; and ). Based on these nontrivial relations,
Ref. [25] has used the experimental data of B — K37 to
extract £ . With the assumption of a similar size for |, the
authors also estimated the branching ratio and forward-
backward asymmetries of B — K3I*1~. Explicitly, they
have employed

£y =027 £0.0375%0 0.8{; < <12{1, (49

034034-8
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FIG. 4 (color online). Similar to Fig. 3 but for forward-backward asymmetries %.
TABLE II. Experimental data used in the least- x> fitting method.
b — cly [49] b— st [48] BY — K*I"I™ [48]
(10.58 = 0.15) X 1072 (3.667079) x 1076 (1.0975312) x 1076
7*(GeV?) B(107) Fr —Apg®

[0, 2] 1.46 = 0.41 0.29 = 0.21 0.47 = 0.32

[2, 4.3] 0.86 = 0.32 0.71 = 0.25 0.11 =0.37

[4.3, 8.68] 1.37 £ 0.61 0.64 = 0.25 0.45 = 0.26

[10.09, 12.86] 2.24 = 0.48 0.17 = 0.17 0.43 = 0.20

[14.18, 16] 1.05 = 0.30 —0.15*=0.28 0.70 = 0.24

>16 2.04 = 0.31 0.12+0.15 0.66 = 0.16

[1, 6] 1.49 = 0.47 0.67 = 0.24 0.26 = 0.31

*The different convention on 6, introduces a minus sign to the forward-backward asymmetry.

which are comparable with our results [27],

£, =1(0.29 = 0.09), g = (0.26 £ 0.10). (50)
As a consequence, the predicted results of the BR, forward-
backward asymmetries, and polarizations are compatible
with each other.

Our results for the angular coefficients, I; = I,/ j—;, are
depicted in Fig. 5 for B— Ksu™ w~ andin Fig. 6 for By —
fhut u™. Since the predictions for I5, Ig, Iy in the SM are

typically smaller than 0.03, we shall not show them. The
corresponding transversity asymmetries are shown in
Figs. 7 and 8, respectively. One particular feature is that
most of these results are stable against the large uncertain-
ties from the form factors.

For experimental purposes, it is valuable to estimate the
minimum size of the averaged value of an angular distri-
bution coefficient so that it can be measured in experiment.
To establish any generic asymmetry with the averaged
value (A) of a particular decay at the no level, events of

034034-9
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the number N = n?/({A))?> should be accumulated.
For instance, on the LHCb there are 6200 events for the
B — K*I*1~ process per nominal running year [4].
Incorporating all differences between K5 and K*, we
may expect roughly 1000 events of B — K5(— Km)I*1™.
Therefore, if one wants to observe an asymmetry at the no

level, its averaged value should be larger than (A)., =

2
n ~
7000 = 0.03n.

Before closing this subsection, it is necessary to point
out that the above estimation might be too optimistic. In the
first few running years of LHCD, the central energy in the
pp collision may not reach 14 TeV and its luminosity will

d'(b — st €7)
ds

Vil? ag, (1 —38)?
|Vcb|2 4772 f(ﬁ/lc)k(’/hc)
flz) =1— 82>+ 8z° — z8 — 24z*Inz,

K =1 =22 (m - F)a -2 +3]

=TI'(b— cev,)

where § = ¢*/m3, and I'(b — ce?,) is used to cancel the
uncertainties from the CKM matrix elements and the factor
mf; For B— K*IT1™, the FBAs, polarizations, and BR
have been measured in different kinematic bins [2]. The
other relevant experimental data collected in Table II are
from Refs. [48,49].

We will adopt a least-y? fitting method to constrain the

free parameters, in which the y? is defined by

. (Bthe — BoP)2
i ( B;:rr)Z ’
where B; denotes one generic quantity among the physical
observables. The B, BS*F and BS™ denote the theoretical
prediction, the central value, and the 1-o error of the
experimental data, respectively. The total y? is obtained
by adding the individual ones. It is necessary to point out
that although the errors in the experiment may correlate,
for instance the measurement of B, f;, and Agg proceed at
the same time in the fitting of angular distributions [2], we
have not taken into account their correlation in our theo-
retical results.

As shown in the previous section, these two NP models
have the similarity that only Cy ;( are modified. One differ-
ence lies in the coupling with the leptons; the newly intro-
duced down-type quark in the VQM will not modify the
lepton sector and the coupling with leptons is SM-like. On
the contrary, one new gauge boson is added in the Z' model
and its coupling with leptons is completely unknown.

Embedded in the VQM, the two parameters, the real and
imaginary parts of Ay, are found as

Re Ay, = (0.07 = 0.04) X 1073,
ImA,, = (0.09 = 0.23) X 1073,

(52)

(53)

PHYSICAL REVIEW D 83, 034034 (2011)

be below 2 fb~!. Thus, in the first stage, not enough data
are available for a precise determination of some angular
coefficients. Nevertheless, this will not affect our analysis
of branching fractions and many angular coefficients.

B. Constraints on NP parameters and the NP effects
on B— Kutp~
In this subsection we will first update the constraints of
the free parameters in the two NP models above, and
particularly, we use the experimental data of b — s/~
and B — K*I"1~. The decay width of the inclusive process
b — sI™1™ is given as [50]

2
[(1 129G + [Cyol) + 4(1 + 7)|C7|2 + 126, Rng],
S

D

[

from which we obtain |A,,| < 0.3 X 1073, but the phase is
less constrained again. The corresponding constraints on
the Wilson coefficients are

(54)

Our result for y?/d.o.f. in the fitting method is
49.3/(23 — 2).

Turning to the family nonuniversal Z’' model in which
the coupling between Z’ and a lepton pair is unknown, the
two Wilson coefficients Cy and C, can be chosen as
independent parameters. Assuming ACy and AC;, as
real, we find

ACy = 0.88 = 0.75, ACyy = 0.01 £0.69, (55)

with y?/d.o.f. = 48.4/(23 —2). Removal of the above
assumption leads to

ACy = —0.81 £ 1.22 + (3.05 = 0.92);,
ACy = 1.00 £ 1.28 + (—3.16 £ 0.94);

with x?/d.o.f. = 45.6/(23 — 4). If the u-lepton mass is
neglected, the imaginary part of C;, will not appear in the
expressions for the differential decay widths and the polar-
izations. Moreover, for the forward-backward asymmetry
as shown in Eq. (22), the imaginary part of C, contributes
in the combination Re[CyC,o]; thus, the inclusion of
Im[C,,] will have little effect on the y>.

Combing the above results, we can see that the NP
contributions in both cases satisfy

IAG| <3,  |AC,| <3. (57)

034034-13
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and normalized forward-backward asymmetry of B — K" /".

To illustrate, we choose ACy = 3ei™/437/4 and AC,, =
3eim/437/4 45 the reference points and give the plots for the
branching ratios, FBAs, and the polarizations in Fig. 9. The
solid (black) line denotes the SM result, while the dashed
(blue) and thick (red) lines correspond to the modification
of Cy. The dot-dashed (green) and dotted lines are obtained
by modifying C,. From the figure for Agg, we can see that
the zero-crossing point s, can be sizably changed, which
can be tested at the LHC or can be further constrained.

One last process to explore is B; — w ™ u ™, of which the
branching fraction is

_ G2a? .
B(BS - /-l/+/-1/ ) = TB:ﬁ|V,'5th|2mBSf§)_mi|C10|2
4m2\1/2
X (1 -— ) . (58)
mp,

Using the same inputs as those in our computation of
B — K377, we have

_ _ /B 2(|Cyol\2
s (ol ()

BB, — pr ) =350 X107 200y ) (467
(59)

Even if C, is enhanced by a factor of 2, the above result is
still consistent with the recent measurement [51]

4*(GeV?)

The impact of the NP contributions on differential branching ratios (in units of 10~7), polarization fractions,

BB, — p ) <51x1078. (60)

VI. SUMMARY

In this work we have explored B — K;(— Km)I"1~
(with [ = e, u, 7) decays and a similar mode B; —
f5(1525)(— K*K7)I*1™ in the standard model and two
new physics scenarios: the vectorlike quark model and the
family nonuniversal Z’' model. Besides branching ratios,
forward-backward asymmetries, and transversity ampli-
tudes, we have also derived the differential angular distri-
butions of this decay chain. The sizable production rates
lead to a promising prospective to observe this channel in
future experiments.

Using the experimental data of the inclusive b — sI* 1~
and B — K*I"1~, we have updated the constraints on the
effective Wilson coefficients and/or free parameters in
these two new physics scenarios. In the VQM, we find
that the constraint on the coupling constant is improved by
a factor of 3 compared with our previous work. Their
impact on B— K3I71~ is elaborated and, in particular,
the zero-crossing point for the forward-backward
asymmetry in these NP scenarios can sizably deviate
from the SM. These results will be tested at the LHC.
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APPENDIX A: EFFECTIVE HAMILTONIAN

The effective Hamiltonian governing b — sl*[™ is
given by

Gr

H o= — ﬁm%zcwmw) (A1)

where V;;, = 0.999176 and V,; = —0.03972 [49] are the
CKM matrix elements and C;(u) are Wilson coefficients
for the effective operators O;. In this paper, we will adopt
the Wilson coefficients up to the leading logarithmic ac-
curacy [50], and their values in the SM are listed in
Table III. Since the NP scenarios considered in the present
paper would not introduce any new operator, the SM
operators will form a complete basis for our analysis,

0, = (54¢a)v-a(Cgbg)y—a,

0, = (54cp)y-a(Cpba)y—a

03 = (Eaba)vaz(qu,B)VfA’
q

04 = (Eabﬁ)V—AZ(‘?BQa)V—Ar
q

Os = (Eaba)v—AZ(C_]ﬁqlz)wm
q

O¢ = (EabB)V—AZ(qBQa)V-%—Ax
q

eb_

50#7(1 + ys)bF,, 8775 s5o*"(1 — ys)bF,,

aem

(lnl)(w“(l ~ ¥5)b),

Oy = ZL;I(I)/M%I)(E')/“(I — vs)b). (A2)
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The left-handed and right-handed operators are
(7192)v-a(G3q8)v=a= (G Y*(1 = v5)q2)(G37 . (1 = ¥5)q4).
my, = 4.8 GeV and m; = 0.095 GeV are b and s quark
masses in the MS scheme, and a,, = 1/137 is the fine-
structure constant. The double Cabibbo suppressed terms,
proportional to V,,, Vi, have been neglected.

At one-loop level accuracy, the matrix element of the
b — sl*1~ transition receives loop contributions from
0,—0q. Since the factorizable loop terms [52] can be
incorporated into the Wilson coefficients C; and C, it is
convenient to define the combinations C&If and CSf [52],

G5 = C; = Cs/3 - Gy,
C5(q?) = Co(u) + h(in, §)Cy — 3h(1, §)(4C5 + 4C,
+3Cs + Cg) — 11(0, §)(C3 + 3Cy)
+ %(3C3 + Cy + 3Cs + Cg), (A3)

=C1+3C2+3C3+C4+3C5+
The auxiliary functions used

with § = ¢*/m3, C,
C6’ and ﬁ’lc = mc/mb.
above are

8 nmy, 8 8 4
hed)=—om™ =S St 204
(2§)= gl —glnzt 7 +gx 5 +x)

n V1—x+1

><|1—x|]/2{ =t
1 =4z2
2arctan N for x >1,

h(0,5) = —gln@—ilnf—l-ﬁ—l—iiﬂ'.
N

. 2
—ir foer“é <1

Ad
9 279 (A4)

In the following, we shall also drop the superscripts for C§'f
and CS" for convenience.

On the hadron level, resonant states, such as vector
charmonia generated from the b — c¢cCs, may annihilate
into a lepton pair. Therefore, they will also contribute in
a long-distance manner [53-55]. But these contributions
can be subtracted with a kinematic cutoff in experiment.
Moreover, our following analysis of differential distribu-
tions will be mainly dedicated to the region of 1 GeV? <
g> <6 GeV?, also excluding contributions from the
charmonia.

APPENDIX B: HELICITY AMPLITUDES

Within a graphic picture, B — K;(— Kr)I* [~ proceeds
in three steps: the B meson first decays into an on-shell
strange meson plus a pair of leptons, the K3 meson prop-
agates, and then it strongly decays into K 7. To evaluate the

TABLE III. The values of the Wilson coefficients C;(m;) in the leading logarithmic approximation, with my = 80.4 GeV,
M= mb,pole [50]

o C, C, Cy s Ce cet Cy Cio
1.107 —0.248 —0.011 —0.026 —0.007 —0.031 —0.313 4.344 —4.669
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decay width of multibody decays, we shall adopt the
helicity amplitude, which mainly uses

w qudv
8ur = — D €,(Ves(A) + £
A

-

(BI)

€ is the polarization vector with the momentum ¢, and A
denotes the three kinds of polarizations. The last term can
be formally identified as a timelike polarization €, () =
m
\/q_z ’
as summations of the four polarizations. For the purpose of
illustration, we will first evaluate the decay amplitude of
B — K371 . In the SM, the lepton pair in the final state is
produced via an off-shell photon, a Z boson, or some
hadronic vector mesons. These states may have different
couplings but they share many commonalities: the Lorentz
structure for the vertex of the lepton pair is either V — A or
V + A or some combination of them. Therefore, the decay
amplitudes of B — K3I"1~ can be rewritten as

AB—-KT1T)=LHL)H (L) + LER)H ,(R),
(B2)

in which £,(L), L,(R) are the lepton pair spinor
products:

L,(L) =Ty, (1= s,

and thus the metric tensor g,,, can then be understood

L,(R) =1Iy,(1+ ys)l,
(B3)

while JH incorporates the remaining B — K part. In the
case of massless leptons, left-handed and right-handed
sectors decouple, which will greatly simplify the analysis.
The identity in Eq. (B1) results in a factorization of decay
amplitudes,

PHYSICAL REVIEW D 83, 034034 (2011)
AB— K51 17) = L, (L)H (L)gh + L, (R)H ,(R)g"*
=D LHp =D LraHpy (B

X Py

where ¢g* is the momentum of the lepton pair and L£;, =
L#(L)e,(A) and L), = L#(R)€, (A) denote Lorentz in-
variant amplitudes for the lepton part. It is also similar for
the Lorentz invariant hadronic amplitudes: H,, =
Hr(L)e,(A) and H gy = HH(R)€,(A). The timelike
polarization gives vanishing contributions in the case of
m; = 0 for [ = e, w; using the equation of motion, this
term is proportional to the lepton mass.

An advantage of the helicity amplitudes is that both
hadronic amplitudes and leptonic amplitudes are Lorentz
invariant. Such a good property allows one to choose
different frames in the evaluation. For instance, leptonic
amplitudes are evaluated in the lepton pair central mass
frame, while hadronic B decay amplitudes are directly
obtained in the B rest frame. Since K3 and K™ have several
important similarities, B — K3/*[~ differential decay
widths can be simply obtained from the ones of B —
K*I"1™ in a comparative manner.

(1) Longitudinal and transverse B decay amplitudes are

obtained by multiplying the factors %\/—A— and
mpm

JA
\/gmgmkz
tude of the K momentum in the B meson rest frame:
A= Mg, mig.,q%) = 2mglpg;| and A(a? b?, ?) =
(a*> — b*> — c)? — 4b*c?. This replacement is a re-
sult of the fact that the polarization vector € is
replaced by er in the form factor definitions.
Explicitly, these hadronic amplitudes are

, respectively. The function A is the magni-

JA 1 A
Hpp=N [(C9 - ClO)I:(m%} — my- — q*)mp + mg:)A; — %Az]
\/gmBmK; 2mK;\/? 2 mp + mg:
A
+ 2mb(C7L - C7R)|:(m% + 3m%<; - qz)Tz - mT3i|i|,
A A 2m, (C;; + C
H,. = NLI:(Cg - Clo)[(mB + mg)A, T VA v] _ 2 i 7R)(i\/XT1)
\/gmBmK; mp + Mg q
2m(Cy, — Cog)
+ S (o m%;)TziI,
VA VA
Hp, = N7(C9 - C10)—A0:
\/gmBmT 2

Vg

Hg; = Hu|c10—»fc10

QXem

with N = —i % Sy, v,
(i1) In the propagation of the intermediate strange me-
son, the width effect of K could be more important
since TK; ~ 100 MeV > I'g« ~ 50 MeV  [49].

(B5)

Nevertheless, since the K; width is only larger
than that of K* by a factor of 2, the narrow-width
approximation, which has been well used in the case
of K*, might also work for K3. In this sense, there is
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no difference except that the B(K* — Kr) is re-
placed by B(K; — Kr).

(iii) Incorporation of the K5 — K7 decay gives the
complete results for the differential decay distribu-
tion of B — K3(— Kr)l*1~. Angular distributions
of K5 and K* strong decays are described by
spherical harmonic functions: Y(6, ¢) for K* and
Yi(6, ¢) for K. In particular, we find the relations

3 _ * 5 2 —
"’ECOS(QK) = C(K") "1677(3005 Ok — 1)

= C(K3),

3 . 15 . y
\/;sm(ﬁK) = S(K*) — Ersm(ZﬁK) = S(K3).
(B6)

Our formulas for the branching fractions and forward-
backward asymmetries are shown to be compatible with
the ones in Ref. [25] through the following relations:

(=1 =g, =P F

Ao = Nk; apmy———

me;\/q_

+Ag+a—mp—ﬂw—X@ (B7)
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V2AN -
Ay = —T’Zﬁr(ﬂ -9, (BS)
iy
L= 7’( brz— ), (BY)
A, = Nigar VA —#2.G—-@H]  (B1O
ey U R LT

where the coefficients A, B, &, F, G, H are defined in
Egs. (49, 50, 53, 54) in Ref. [25], but the coefficient C in
Eq. (51) contains a typo and should be

| .
c— —A[(l — )T (AL (5)
1 - mi 2
1— a2, ..
+ #TfZ(s))]. (B11)
S

e
+ 2mbceff< 32 (s)

The dimensionless constants are given as A = A/m},
Mig; = my:/mg, i, = my/mg, and §*> = ¢*/mgp, as well

as a; = +/2/3 and By = 1//2.
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