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Motivation

B meson two-body charmless non-leptonic decays have played important roles in 
testing SM and searching for possible effects of  new physics. 

In the experimental side, not only the branching fractions but CP asymmetries have 
been measured in two B-factories and LHCb. More new results  are expected in 
Belle-II experiment. 

In the theoretical side, based on the factorization hypothesis, many approaches have 
been proposed for studying B meson decays, such as naive factorization, QCD 
factorization, perturbative QCD, soft-collinear effective theory, and topological  
approaches. 

Currently, we cannot conclude which approach is the best one, as each one has its 
own faults.



None of the quarks in the final states is same as the initial quarks, these decay modes 
can occur only via power-suppressed annihilation diagrams.
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Figure 8: Weak annihilation contributions.

coefficients can be taken from [10]. We consider b-quark decay and use the convention
that M1 contains an antiquark from the weak vertex with longitudinal momentum frac-
tion ȳ. For non-singlet annihilation M2 then contains a quark from the weak vertex with
momentum fraction x. The basic building blocks when both mesons are pseudoscalar
are given by (omitting the argument M1M2 for brevity)
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When M1 is a vector meson and M2 a pseudoscalar, one has to change the sign of the
second (twist-4) term in Ai

1, the first (twist-2) term in Ai
2, and the second term in Ai

3

and Af
3 . When M2 is a vector meson and M1 a pseudoscalar, one only has to change the

overall sign of Ai
2.

In (54) the superscripts ‘i’ and ‘f ’ refer to gluon emission from the initial and final-
state quarks, respectively (see Figure 8). The subscript ‘k’ on Ai,f

k refers to one of the
three possible Dirac structures Γ1 ⊗ Γ2, which arise when the four-quark operators in
the effective weak Hamiltonian are Fierz-transformed into the form (q̄1b)Γ1(q̄2q3)Γ2 , such
that the quarks in the first bracket refer to the constituents of the B̄ meson. Specifically,
we have k = 1 for (V − A) ⊗ (V − A), k = 2 for (V − A) ⊗ (V + A), and k = 3 for
(−2)(S − P ) ⊗ (S + P ). The power suppression of weak annihilation terms compared
to the leading spectator interaction via gluon exchange is evident from the fact that
annihilation terms are proportional to fB rather than fBmB/λB.

In terms of these building blocks the non-singlet annihilation coefficients are given
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On the experiment side, many efforts have been expended to search for the Z ′ directly at the LEP, Tevatron,

and LHC. With the assumption that the Z ′ couplings to the SM fermions are similar to those of the SM Z boson,

the direct searches for the Z ′ can be performed in the dilepton events. At this stage, the lower mass limit has

been set as 2.86 TeV at the 95% confidence level (CL) from collisions at 8 TeV with an integrated luminosity of

19.5fb−1 by using e+e− and µ+µ− [7] events, and this value becomes 1.90 TeV using the τ+τ− events [8].

However, if the Z ′ boson does not couple to leptons, the above constraint from the LHC is no longer valid.

Theoretically, such leptophobic Z ′ boson can be realized in E6 model [3], the phenomenological studies at the LHC

has been recently explored in Ref. [9]. In complementary to the direct search, some characters of the leptophobic Z ′

boson can also be constrained indirectly from the “low” energy flavor physics. The family non-universal Z ′ boson

may induce tree-level flavor changing neutral currents (FCNC) and thus they are severely bounded by experiment,

most notably meson mixing [10]. Other effects of the FCNC in flavor physics have also been studied in past decades

[11, 12, 13]. Motivated by the above arguments, we aim to in this work perform a comprehensive analysis of the

impact of a family non-universal Z ′ boson on the pure annihilation decays Bd → K+K− and Bs → π+π−. Since

these modes are power suppressed in the heavy quark limit, their branching ratios are expected to be very small,

and the sensitivity to NP can be then enhanced.

Experimentally, the decay mode Bs → π+π− was firstly reported by the CDF collaboration

B(Bs → π+π−) = (0.57± 0.15± 0.10)× 10−6 [14], (1)

and it was soon confirmed by the LHCb collaboration with 0.37 fb−1 data as

B(Bs → π+π−) = (0.95+0.21
−0.17 ± 0.13)× 10−6 [15]. (2)

So, the averaged result is given as [16]:

B(Bs → π+π−) = (0.73± 0.14)× 10−6. (3)

The branching fraction of another pure annihilation decay mode Bd → K+K− has been also measured as [16]:

B(Bd → K+K−) = (0.12± 0.06)× 10−6 (4)

Theoretically, within QCD factorization (QCDF) approach [17], only an order of magnitude estimate can be

given for these two decays through introducing new phenomenological parameters (ρA and φA) or an effective

gluon propagator [18] due to the existence of the endpoint singularity. The predicted branching fractions are at

the order of 10−8 [17, 19]. Moreover, the effects of SU(3) asymmetry breaking have also been discussed in [20].

On the contradiction, the perturbative QCD (PQCD) approach [21] retains the transverse momenta of all inner

quarks, and thus the endpoint singularity disappear. This makes the perturbative calculations of pure annihilation

decay modes reliable. On the basis of PQCD, the decays Bs → π+π− and Bd → K+K− have been explored in

Refs. [22, 23] and [24], respectively. In Ref. [25], the authors have revisited these two decays with new parameters

(especially for the distribution amplitudes of light mesons), and the obtained results are in agreement with the

experimental data well. Despite the agreement, by comparing the predictions of [25] with the experimental result,

2

On the experiment side, many efforts have been expended to search for the Z ′ directly at the LEP, Tevatron,

and LHC. With the assumption that the Z ′ couplings to the SM fermions are similar to those of the SM Z boson,

the direct searches for the Z ′ can be performed in the dilepton events. At this stage, the lower mass limit has

been set as 2.86 TeV at the 95% confidence level (CL) from collisions at 8 TeV with an integrated luminosity of

19.5fb−1 by using e+e− and µ+µ− [7] events, and this value becomes 1.90 TeV using the τ+τ− events [8].

However, if the Z ′ boson does not couple to leptons, the above constraint from the LHC is no longer valid.

Theoretically, such leptophobic Z ′ boson can be realized in E6 model [3], the phenomenological studies at the LHC

has been recently explored in Ref. [9]. In complementary to the direct search, some characters of the leptophobic Z ′

boson can also be constrained indirectly from the “low” energy flavor physics. The family non-universal Z ′ boson

may induce tree-level flavor changing neutral currents (FCNC) and thus they are severely bounded by experiment,

most notably meson mixing [10]. Other effects of the FCNC in flavor physics have also been studied in past decades

[11, 12, 13]. Motivated by the above arguments, we aim to in this work perform a comprehensive analysis of the

impact of a family non-universal Z ′ boson on the pure annihilation decays Bd → K+K− and Bs → π+π−. Since

these modes are power suppressed in the heavy quark limit, their branching ratios are expected to be very small,

and the sensitivity to NP can be then enhanced.

Experimentally, the decay mode Bs → π+π− was firstly reported by the CDF collaboration

B(Bs → π+π−) = (0.57± 0.15± 0.10)× 10−6 [14], (1)

and it was soon confirmed by the LHCb collaboration with 0.37 fb−1 data as

B(Bs → π+π−) = (0.95+0.21
−0.17 ± 0.13)× 10−6 [15]. (2)

So, the averaged result is given as [16]:

B(Bs → π+π−) = (0.73± 0.14)× 10−6. (3)

The branching fraction of another pure annihilation decay mode Bd → K+K− has been also measured as [16]:

B(Bd → K+K−) = (0.12± 0.06)× 10−6 (4)

Theoretically, within QCD factorization (QCDF) approach [17], only an order of magnitude estimate can be

given for these two decays through introducing new phenomenological parameters (ρA and φA) or an effective

gluon propagator [18] due to the existence of the endpoint singularity. The predicted branching fractions are at

the order of 10−8 [17, 19]. Moreover, the effects of SU(3) asymmetry breaking have also been discussed in [20].

On the contradiction, the perturbative QCD (PQCD) approach [21] retains the transverse momenta of all inner

quarks, and thus the endpoint singularity disappear. This makes the perturbative calculations of pure annihilation

decay modes reliable. On the basis of PQCD, the decays Bs → π+π− and Bd → K+K− have been explored in

Refs. [22, 23] and [24], respectively. In Ref. [25], the authors have revisited these two decays with new parameters

(especially for the distribution amplitudes of light mesons), and the obtained results are in agreement with the

experimental data well. Despite the agreement, by comparing the predictions of [25] with the experimental result,

2

CDF

LHCb

On the experiment side, many efforts have been expended to search for the Z ′ directly at the LEP, Tevatron,

and LHC. With the assumption that the Z ′ couplings to the SM fermions are similar to those of the SM Z boson,

the direct searches for the Z ′ can be performed in the dilepton events. At this stage, the lower mass limit has

been set as 2.86 TeV at the 95% confidence level (CL) from collisions at 8 TeV with an integrated luminosity of

19.5fb−1 by using e+e− and µ+µ− [7] events, and this value becomes 1.90 TeV using the τ+τ− events [8].

However, if the Z ′ boson does not couple to leptons, the above constraint from the LHC is no longer valid.

Theoretically, such leptophobic Z ′ boson can be realized in E6 model [3], the phenomenological studies at the LHC

has been recently explored in Ref. [9]. In complementary to the direct search, some characters of the leptophobic Z ′

boson can also be constrained indirectly from the “low” energy flavor physics. The family non-universal Z ′ boson

may induce tree-level flavor changing neutral currents (FCNC) and thus they are severely bounded by experiment,

most notably meson mixing [10]. Other effects of the FCNC in flavor physics have also been studied in past decades

[11, 12, 13]. Motivated by the above arguments, we aim to in this work perform a comprehensive analysis of the

impact of a family non-universal Z ′ boson on the pure annihilation decays Bd → K+K− and Bs → π+π−. Since

these modes are power suppressed in the heavy quark limit, their branching ratios are expected to be very small,

and the sensitivity to NP can be then enhanced.

Experimentally, the decay mode Bs → π+π− was firstly reported by the CDF collaboration

B(Bs → π+π−) = (0.57± 0.15± 0.10)× 10−6 [14], (1)

and it was soon confirmed by the LHCb collaboration with 0.37 fb−1 data as

B(Bs → π+π−) = (0.95+0.21
−0.17 ± 0.13)× 10−6 [15]. (2)

So, the averaged result is given as [16]:

B(Bs → π+π−) = (0.73± 0.14)× 10−6. (3)

The branching fraction of another pure annihilation decay mode Bd → K+K− has been also measured as [16]:

B(Bd → K+K−) = (0.12± 0.06)× 10−6 (4)

Theoretically, within QCD factorization (QCDF) approach [17], only an order of magnitude estimate can be

given for these two decays through introducing new phenomenological parameters (ρA and φA) or an effective

gluon propagator [18] due to the existence of the endpoint singularity. The predicted branching fractions are at

the order of 10−8 [17, 19]. Moreover, the effects of SU(3) asymmetry breaking have also been discussed in [20].

On the contradiction, the perturbative QCD (PQCD) approach [21] retains the transverse momenta of all inner

quarks, and thus the endpoint singularity disappear. This makes the perturbative calculations of pure annihilation

decay modes reliable. On the basis of PQCD, the decays Bs → π+π− and Bd → K+K− have been explored in

Refs. [22, 23] and [24], respectively. In Ref. [25], the authors have revisited these two decays with new parameters

(especially for the distribution amplitudes of light mesons), and the obtained results are in agreement with the

experimental data well. Despite the agreement, by comparing the predictions of [25] with the experimental result,

2

On the experiment side, many efforts have been expended to search for the Z ′ directly at the LEP, Tevatron,

and LHC. With the assumption that the Z ′ couplings to the SM fermions are similar to those of the SM Z boson,

the direct searches for the Z ′ can be performed in the dilepton events. At this stage, the lower mass limit has

been set as 2.86 TeV at the 95% confidence level (CL) from collisions at 8 TeV with an integrated luminosity of

19.5fb−1 by using e+e− and µ+µ− [7] events, and this value becomes 1.90 TeV using the τ+τ− events [8].

However, if the Z ′ boson does not couple to leptons, the above constraint from the LHC is no longer valid.

Theoretically, such leptophobic Z ′ boson can be realized in E6 model [3], the phenomenological studies at the LHC

has been recently explored in Ref. [9]. In complementary to the direct search, some characters of the leptophobic Z ′

boson can also be constrained indirectly from the “low” energy flavor physics. The family non-universal Z ′ boson

may induce tree-level flavor changing neutral currents (FCNC) and thus they are severely bounded by experiment,

most notably meson mixing [10]. Other effects of the FCNC in flavor physics have also been studied in past decades

[11, 12, 13]. Motivated by the above arguments, we aim to in this work perform a comprehensive analysis of the

impact of a family non-universal Z ′ boson on the pure annihilation decays Bd → K+K− and Bs → π+π−. Since

these modes are power suppressed in the heavy quark limit, their branching ratios are expected to be very small,

and the sensitivity to NP can be then enhanced.

Experimentally, the decay mode Bs → π+π− was firstly reported by the CDF collaboration

B(Bs → π+π−) = (0.57± 0.15± 0.10)× 10−6 [14], (1)

and it was soon confirmed by the LHCb collaboration with 0.37 fb−1 data as

B(Bs → π+π−) = (0.95+0.21
−0.17 ± 0.13)× 10−6 [15]. (2)

So, the averaged result is given as [16]:

B(Bs → π+π−) = (0.73± 0.14)× 10−6. (3)

The branching fraction of another pure annihilation decay mode Bd → K+K− has been also measured as [16]:

B(Bd → K+K−) = (0.12± 0.06)× 10−6 (4)

Theoretically, within QCD factorization (QCDF) approach [17], only an order of magnitude estimate can be

given for these two decays through introducing new phenomenological parameters (ρA and φA) or an effective

gluon propagator [18] due to the existence of the endpoint singularity. The predicted branching fractions are at

the order of 10−8 [17, 19]. Moreover, the effects of SU(3) asymmetry breaking have also been discussed in [20].

On the contradiction, the perturbative QCD (PQCD) approach [21] retains the transverse momenta of all inner

quarks, and thus the endpoint singularity disappear. This makes the perturbative calculations of pure annihilation

decay modes reliable. On the basis of PQCD, the decays Bs → π+π− and Bd → K+K− have been explored in

Refs. [22, 23] and [24], respectively. In Ref. [25], the authors have revisited these two decays with new parameters

(especially for the distribution amplitudes of light mesons), and the obtained results are in agreement with the

experimental data well. Despite the agreement, by comparing the predictions of [25] with the experimental result,

2

HFAG



Theoretical  Studies

These decays cannot be calculated in QCDF approach due 
to the endpoint  singularities. 

With keeping the transverse momenta of the inner quarks, 
the endpoint singularities can be smeared in the pQCD, so 
the pure annihilation decays can be calculated directly.

Figure 1: Graphical representation of the factorization formula (2). Only one
of the two form-factor terms is shown for simplicity.

The light-cone expansion implies that only leading-twist distribution amplitudes are
needed in the heavy-quark limit. There exist however a number of subleading quark–
antiquark distribution amplitudes of twist 3, which have large normalization factors for
pseudoscalar mesons, e.g. for the pion

rπχ(µ) =
2m2

π

mb(µ) (mu + md)(µ)
∼

ΛQCD

mb
. (3)

For realistic b-quark masses these “chirally-enhanced” terms are not much suppressed
numerically. We therefore include in our analysis all quark–antiquark twist-3 ampli-
tudes. (The quark–antiquark–gluon amplitude at twist-3 does not have an anomalously
large normalization.) In order to perform the same analysis for all final states we also
include the quark–antiquark twist-3 amplitudes for vector mesons, even though there is
no particular enhancement in this case, rχ being replaced by 2mV /mb times a ratio of
two decay constants (see below), with mV the vector-meson mass.

The inclusion of chirally-enhanced terms is important to account for the large branch-
ing fractions of penguin-dominated decay modes with pseudoscalar final-state mesons,
such as B → πK [10], but it also causes a number of conceptual problems. Factorization
is not expected to hold at subleading order in ΛQCD/mb and, somewhat unfortunately,
is indeed violated by some of the chirally-enhanced terms [8]. In contrast to the leading-
twist distribution amplitudes, the twist-3 two-particle amplitudes do not vanish at the
endpoints but rather approach constants. The kernels T I

ij in the first term of the fac-
torization formula also approach constants at the endpoints (modulo logarithms), and
hence there is no difficulty with this term. These kernels include the important scalar
penguin amplitude mentioned in the introduction, conventionally denoted by a6. How-
ever, the second term in the factorization formula, which accounts for the interactions
with the spectator quark, contains integrals that are dominated by the endpoint regions
if the distribution amplitudes do not vanish at the endpoint. These integrals formally
diverge logarithmically in a perturbative framework. This implies a non-factorizable soft
interaction with the spectator quark, while M1 is formed in a highly asymmetric con-
figuration, in which one quark carries almost all the momentum of the meson. Similar
factorization-breaking effects occur in weak annihilation contributions, which are also
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omitting again the argument M1M2. These coefficients correspond to current–current
annihilation (b1, b2), penguin annihilation (b3, b4), and electroweak penguin annihilation
(bEW

3 , bEW
4 ), where within each pair the two coefficients correspond to different flavor

structures as defined in (18).
The weak annihilation kernels exhibit endpoint divergences, which we treat in the

same manner as the power corrections to the hard spectator scattering. The divergent
subtractions are interpreted as
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and similarly for M2 with y → x̄. The treatment of weak annihilation is model-dependent
in the QCD factorization approach, and the explicit results of this subsection are useful
mainly to keep track of overall factors from Wilson coefficients and color. We treat
XM

A as an unknown complex number of order ln(mb/ΛQCD) and make the simplifying
assumption that this number is independent of the identity of the meson M and the
weak decay vertex. (The first assumption will be relaxed in a specific scenario, where
we allow different XA for the three cases PP , PV , and V P .) Since the treatment of
annihilation is model-dependent anyway, we further simplify our results by evaluating
the convolution integrals with asymptotic distribution amplitudes Φ(x) = Φ∥(x) = 6xx̄,
Φp(x) = 1, and Φv(x) = 3(x − x̄). We then find the simple expressions
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A few additional comments are in order. The values for the decay constants of
pseudoscalar mesons and longitudinally polarized vector mesons can be determined with
good accuracy from experimental data on the leptonic decays π− → µν̄µ, K− → µν̄µ, the
semileptonic decay τ → ρ− ντ , and the electromagnetic decays V → e+e− with V = ρ0,
ω, or φ. We have updated the values obtained in [4] by using the most recent results
for the various decay rates. We will neglect the small uncertainties on these parameters
in our numerical analysis. The values we take for the decay constants of the B and
Bs mesons are in the ball park of many theoretical calculations using QCD sum rules
and lattice gauge theory. The values for the heavy-to-light form factors are close to the
results of light-cone QCD sum rules where available [37, 38, 39]. In other cases we base
our values on a crude estimate of SU(3) flavor symmetry breaking effects. The B → η(′)

form factors receive an unknown two-gluon contribution. We therefore parameterize the
form factor as [18]

F B→η(′)

0 = F B→π
0

f q
η(′)

fπ
+ F2

√
2f q

η(′)
+ f s

η(′)√
3fπ

. (62)

(For Bs decay replace F B→π
0 f q

η(′)
by F B→K

0 f s
η(′)

.) Information on F2 can in principle

be obtained from semileptonic B → η lν decay at q2 = 0. At present, however, the
parameter F2 is completely undetermined, and for lack of better knowledge we adopt
the value F2 = 0, for which F B→η

0 = 0.23 and F B→η′

0 = 0.19. The modes with η′ in the
final state are rather sensitive to this choice. This introduces an additional theoretical
uncertainty not taken into account in the error ranges given below (see [18] for the
dependence of the B → K(∗)η(′) modes on the choice of F2). The values for the transverse
decay constants and Gegenbauer moments of vector mesons are rounded numbers taken
from [38], however we have inflated the small errors quoted there.3

The quark masses are running masses in the MS scheme. Note that the value of
the charm-quark mass is given at µ = mb. The ratio sc = (mc/mb)2 needed for the
calculation of the penguin contributions is scale independent. The values of the light
quark masses are such that rK

χ = rπχ. Finally, the value of the QCD scale parameter

corresponds to αs(MZ) = 0.118 for the two-loop running coupling in the MS scheme.
The corresponding results for the Wilson coefficients Ci are tabulated in [10].

As discussed in detail in [10], there are large theoretical uncertainties related to
the modeling of power corrections corresponding to weak annihilation effects and the
chirally-enhanced power corrections to hard spectator scattering. As in our earlier work
we parameterize these effects in terms of the divergent integrals XH (hard spectator
scattering) and XA (weak annihilation) introduced in (50) and (56). We model these
quantities by using the parameterization

XA =
!
1 + ϱA eiϕA

"
ln

mB

Λh
; ϱA ≤ 1 , Λh = 0.5 GeV , (63)

3To facilitate the comparison with the results of [10, 18], where they overlap, we note the following
changes of input parameters relative to those papers: ms was (110±25)MeV in [10] and (100±25)MeV
in [18]; |Vub/Vcb| was 0.085±0.017, fB was (180±40)MeV, and FB→K

0 was 0.9fK/fπFB→π
0 in [10]; αK̄

1

was 0.3 ± 0.3, τ(B−) was 1.65ps, and τ(Bd) was 1.56 ps in [10, 18].
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mass mB. Therefore, at leading power in 1/mB, the
B → π form factor can be split into the nonfactoriz-
able and factorizable components,

FBπ = fNF + fF , (11)

which have different power counting in the strong cou-
pling constant αs: the former is of O(α0

s) and the lat-
ter of O(αs). The values of fNF and fF have been
determined from a fit to the B → ππ data [14].

The formulation of the B → π transition in kT

factorization theorem is different. When the parton
transverse momenta are included, fNF does not de-
velop an end-point singularity, and both fNF and fF

are factorizable. Hence, they are of the same order
in αs, and can be combined into a single term, giving
[5, 15],

FBπ =

!

dx1dx2d
2k1T d2k2T ΦB(x1, k1T )

× H(x1, x2, k1T , k2T )Φπ(x2, k2T ) . (12)

The end-point singularity is smeared into the large
logarithm ln2(mB/kT ), and absorbed into the pion
wave function Φπ. Resumming this logarithm to all
orders in the conjugate b space [16, 17], we derived the
Sudakov factor S(mB, b), which describes the parton
distribution in b. Since fNF has been included, the
large-energy symmetry [12] is respected in PQCD. Re-
cently, it was proposed that the end-point singularity
is attributed to a double counting of soft degrees of
freedom in collinear factorization [18]. The zero-bin
subtraction removes the double counting, and leads
to a modified SCET formalism for fNF, labelled by
SCET̸0 hereafter. The power counting of SCET̸0 in
both 1/mB and αs is then consistent with that of
PQCD. The regularization of the end-point singularity
introduces the logarithms lnµ± in SCET̸0 [18], whose
treatment has not yet been explained.

When applying the above factorization approaches
to two-body nonleptonic B meson decays, further dif-
ference appears in the treatment of annihilation am-
plitudes. The O(αsm0/mB) annihilation amplitudes
from the scalar penguin operators are divergent in
collinear factorization, where m0 is the chiral enhance-
ment scale. Because of the end-point singularity, an
annihilation amplitude has been parameterized as

αs ln
mB

Λ

"

1 + ρAeiδA

#

, (13)

in QCDF [8], where Λ is a hadronic scale and the
free parameter ρA is postulated to vary in the range
0 ≤ ρA ≤ 1. It is not clear what mechanism gen-
erates the strong phase δA. With the similar zero-
bin subtraction, an annihilation amplitude is factor-
izable in SCET̸0, but found to be almost real [19]. A
strong phase can only be generated at loop level, ie.,
at O(α2

sΛ/mB). However, we notice that the residual

momentum carried by the b quark in a nonfactorizable
annihilation amplitude could result in a strong phase
of O(αsm0Λ/m2

B) [20], a new mechanism not included
in [19].

The scalar penguin annihilation amplitude is also
factorizable in kT factorization with the absence of
the end-point singularity. Furthermore, it was almost
imaginary in PQCD [6], whose corresponding mecha-
nism is similar to the Bander-Silverman-Soni one [21]:
when the u or c quark in a loop goes on mass shell,
a strong phase is produced. In the case of the anni-
hilation topology for heavy-to-light decays, the loop
is formed by the virtual particles in the LO PQCD
hard kernel and the infinitely many Sudakov gluons
exchanged between two partons in a light meson. The
virtual particle acquires the transverse momentum kT

through the Sudakov gluon exchange. A sizable strong
phase is then given, in terms of the principle-value
prescription for the virtual particle propagator, by

1

xm2
B − k2

T + iϵ
=

P

xm2
B − k2

T

− iπδ(xm2
B − k2

T ).(14)

Therefore, the treatment and the effect of the scalar
penguin annihilation amplitude are very different in
QCDF, SCET ̸0, and PQCD.

Though the scalar penguin annihilation amplitude
is factorizable in both PQCD and SCET̸0, it is al-
most imaginary in the former, but real in the latter.
We argue that the above different opinions can be
discriminated by comparing the direct CP asymme-
tries in the charged B meson decays B± → K±π0

and B± → K±ρ0. The B± → K±π0 decays in-
volve a B meson transition to a pseudoscalar me-
son, so the penguin emission amplitude is propor-
tional to the constructive combination of the Wilson
coefficients a4 + 2(m0K/mB)a6, where m0K is the
chiral enhancement scale associated with the kaon.
The B± → K±ρ0 decays involve a B meson tran-
sition to a vector meson, so the penguin emission
amplitude is proportional to the destructive combi-
nation a4 − 2(m0K/mB)a6. The annihilation effect
is then less influential in the former than in the lat-
ter. If the scalar penguin annihilation is real, both
decays will exhibit small direct CP asymmetries, ie.,
ACP (B± → K±π0) ≈ ACP (B± → K±ρ0). If the
scalar penguin annihilation is imaginary, it will cause
a larger direct CP asymmetry in B± → K±ρ0, ie.,
ACP (B± → K±π0) ≪ ACP (B± → K±ρ0). The cur-
rent data ACP (B± → K±π0) = 0.047 ± 0.026 and
ACP (B± → K±ρ0) = 0.31+0.11

−0.10 [22] seem to prefer an
imaginary scalar penguin annihilation.
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one can find that the LHCb measurement has a central value larger than the theoretical result, which may indicate

some room left for survival of a light Z ′ boson. In the following we will use the PQCD approach and investigate

the impact of the family non-universal leptophobic Z ′ model on the CP asymmetries of these two decays. Our

results can be stringently tested at the LHCb experiment, Belle-II, and future high energy e+e− collider.

This paper is organized as follows. In Sec.2, after a brief introduction to the PQCD approach, we will present

the numerical results of Bs → π+π− and Bd → K+K− in SM. In Sec.3, we will discuss the effects of the Z ′ on the

branching fractions and CP asymmetries of these two decay modes. At last, the conclusion will be drawn in the

Sec.4.

2 SM Calculation

In this section, we will start with the effective weak Hamiltonian for the b → D (D = d, s) transitions, which are

given by [26]

Heff =
GF√
2

!

"

q=u,c

VqbV
∗
qD (C1O

q
1 + C2O

q
2)− VtbV

∗
tD

10
"

i=3

CiOi

#

+H.c., (5)

where Vqb(D) are the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements. The explicit expressions of the local

four-quark operators Oi (i = 1, ..., 10) and the corresponding wilson coefficients Ci at different scales have been

given in Ref. [26]. Note that Oq
1,2 are tree operators and others O3−10 are penguin ones.

The PQCD approach is based on the kT factorization, and has been applied to calculate the non-leptonic B

meson decays for many years [21, 22]. In this approach, the decay amplitude is conceptually written as

A ∼

!

dx1dx2dx3

!

b1db1b2db2b3db3Tr
"

C(t)ΦB(x1, b1)Φ2(x2, b2)Φ3(x3, b3)H(xi, bi, t)St(xi)e
−S(t)

#

, (6)

where xi are the momentum fractions taken by light quarks in each mesons, and bi are the conjugate variables

of the transverse momenta of light quarks. “Tr” means the trace over both Dirac and color indices. In light of

the factorization hypothesis, the wilson coefficient C(t) encapsulates the dynamics from mW down to the scale t,

where t ∼ O(MB/2) is the typical scale of the concerned annihilation type decays. The hard part H , involving the

four-quark operators and the hard gluon, describes the hard dynamics characterized by the scale t, and it can be

calculated perturbatively. The wave function ΦM , standing for hadronization of the quark and anti-quark into the

mesonM , is independent of the specific processes and thus universal. The factor St(xi) arises from the resummation

of the large double logarithms (ln2 xi) on the longitudinal direction, while the Sudakov form factor e−S(t) is from

the resummation of the double logarithm ln2 kT . Fortunately, the endpoint could be smeared effectively with the

help of these two functions, which makes our calculation reliable.

In particular, the wave functions ΦM,αβ (α,β being Dirac indices) are decomposed in terms of the spin structure,

1αβ, γ
µ
αβ , (γ5σ

µν)αβ , (γµγ5)αβ and (γ5)αβ . For the heavy pseudo-scalar meson Bq (q = d, s) meson, the wave

function ΦB,αβ is given by

ΦB,αβ(x, b) =
i√
2Nc

{(p/Bγ5)αβ +mBγ5αβ)}φB(x, b), (7)

3
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Figure 3: PQCD picture for two-body nonleptonic B meson decays.

which obey the large-energy symmetry relations. fNF and fF have been determined from the fit to
the B → ππ data recently [26].

The third way is to adopt kT factorization theorem. When the parton transverse momenta are
included, fNF does not develop an end-point singularity, and both fNF and fF are factorizable. F Bπ

is then written as the convolution [1, 27],

F Bπ =
!

dx1dx2d
2k1T d2k2T φB(x1, k1T )H(x1, x2, k1T , k2T )φπ(x2, k2T ) , (4)

with the lowest-order hard kernel,

H(0) ∝
1 + 2x2

[x1x2m2
B + (k1T − k2T )2][x2m2

B + k2
2T ]

, (5)

as shown by the left-hand side of Fig. 2. The end-point singularity is smeared into the large logarithm
ln2(xmB/kT ). Resumming this logarithm to all orders in the conjugate b space [28], we have derived
the Sudakov factor S(xmB, b), which describes the parton distribution in b. Since fNF has been
included, the large-energy symmetry is respected in PQCD. I mention that kT factorization theorem
has been employed in small-x physics for decades.

3 Ingredients of PQCD

3.1 Predictive power

The PQCD factorization picture of two-body nonleptonic B meson decays is shown in Fig. 3. The
parton transverse momenta kT , just coming out of or entering the mesons, are of O(ΛQCD). With

infinitely many collinear gluon emissions, kT accumulate and reach the hard scale
"

mBΛQCD, such
that the hard kernel is free of the end-point singularity. This effect is called Sudakov suppression.
The different transverse sizes of the initial-state and final-state mesons and of the hard scattering
have been made explicit in Fig. 3, and the evolution between these different sizes is described by the
Sudakov factors S. Consequently, all topologies of diagrams for two-body decays are calculable in
PQCD, including nonfactorizable and annihilation diagrams. PQCD can thus go beyond the naive
factorization assumption.

The only inputs in PQCD are meson distribution amplitudes, whose information can be obtained
from QCD sum rules and lattice QCD. There are no free parameters, such as the end-point cutoffs
ρH , ρA, · · · in QCDF. Soft physics is under control with Sudakov suppression (see Page 271 of [29]
and other independent investigations in [30, 31]). Therefore, PQCD has more predictive power than
other approaches.
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Fig. 1 The Feynman diagrams
for annihilation contribution,
with possible four-quark
operator insertions

(a) (b) (c) (d)

factorizable diagrams, and (c) and (d) are non-factorizable
ones. Due to the current conservation, the contributions from
the factorizable diagrams (a) and (b) will be canceled exactly
by each other, so that the contributions from diagrams (a) and
(b) are null. As far as diagrams (c) and (d) are concerned, by
inserting the possible operators, we can obtain the amplitudes
for the non-factorizable annihilation diagram MLL

ann and MSP
ann,

where LL stands for the contribution from (V − A)(V − A)
operators, and SP for the contribution from (S − P)(S+ P)
operators, which result from the Fierz transformation of the
(V − A)(V + A) operators. The expressions of MLL

ann and
MSP

ann and the inner functions can be found in [81]. Finally,
we obtain the total decay amplitudes for the decays of our
concern as

A(Bs → π+π−)

= GF√
2

!
VubV ∗

usM
LL
ann[C2] − VtbV ∗

ts

"
MLL

ann[C4 + C10]

+MSP
ann[C6 + C8] + MLL

ann

#
C4 − 1

2
C10

$

π−↔π+

+MSP
ann

%

C6 − 1
2
C8

$

π−↔π+

& '
; (18)

A(Bd → K+K−)

= GF√
2

!
VubV ∗

udM
LL
ann[C2] − VtbV ∗

td

"
MLL

ann[C4 + C10]

+MSP
ann[C6 + C8] + MLL

ann[C4 − 1
2
C10]K−↔K+

+MSP
ann[C6 − 1

2
C8]K−↔K+

('
. (19)

In Eq. (18), when π+ and π− are exchanging, the MLL
ann

results are obtained because of the SU(2) symmetry. Fur-
thermore, if we ignore the small x1 (the momentum fraction
of s quark in the Bs meson) in the denominators, MLL

ann is the
same as MSP

ann, too.1 However, for Bd → K+K−, MLL(SP)
ann

do not have the same formulas as MLL(SP)
ann |K−↔K+ due to

the difference between the mass of the up (down) quark and

1 In Ref. [83], there are typos in Eqs. (27) and (28).

that of the strange quark, and such a difference might affect
the direct CP asymmetry.

In fact, in our calculations there are many uncertainties,
the most important one of which is from the distribution
amplitude of initial heavy meson, because it cannot be calcu-
lated directly from QCD up till now. In the following work,
we shall vary the shape parameter ωBd = 0.40 ± 0.05 and
ωBs = 0.50 ± 0.05. Furthermore, the contributions from the
next-leading order (NLO) have not been treated. In the cur-
rent work, to estimate the uncertainties of NLO, we simply
vary t from 0.8t to 1.2t , where t is the largest scale in each dia-
gram and its expressions have been given in Ref. [81]. Com-
bining all above uncertainties, we obtain the CP-averaged
branching fractions of two decay modes

B(Bs → π+π−) = (5.5+1.1
−0.9) × 10−7, (20)

B(Bd → K+K−) = (1.9+0.3
−0.3) × 10−7. (21)

Since the uncertainties from the π, K meson distribution
amplitudes are very small, we will not discuss them. Note
that by employing the DAs of light mesons based on the
QCD sum rules from Refs. [85–93], Xiao et al. have explored
these two decays [83]. They found that not only the DAs of
B meson but also those of the light mesons will lead to large
uncertainties for the branching fractions, as shown in Eqs.
(6)–(9). In principle, the DAs of light mesons in B meson
decays should be fitted or tested from the data. However,
if we calculate the form factors of B → K ,π within the
DAs, the form factors obtained (q2 = 0) are much smaller
than the values abstracted from the data. On the contrary,
the DAs we used (Eq. (16)) are fitted not only from the
B meson semi-leptonic decays [94,95], but also from the
non-leptonic B decays, such as B → Kπ,ππ [77–79] and
Bs → Kπ,ππ [81]. In addition, the DAs are based on the
Gegenbauer expansion, while the PQCD approach is on the
basis of heavy quark expansions, so it is implausible to adopt
the values of [91–93] directly.

In discussing the B meson decays, we usually define the
direct CP asymmetry as

Adir
CP ≡ |A(Bq → f )|2 − |A(Bq → f )|2

|A(Bq → f )|2 + |A(Bq → f )|2
. (22)

123

the direct CP asymmetry. In fact, in our calculations there are many uncertainties, the most important one of

which is from the distribution amplitude of initial heavy meson, because it cannot calculated directly from QCD

till now yet. In the following work, we shall vary the shape parameter ωBd
= 0.40 ± 0.05 and ωBs

= 0.50 ± 0.05.

Furthermore, the contributions from next leading order (NLO) have not been done. In the current work, to estimate

the uncertainties of NLO , we simply vary t from 0.8t to 1.2t, where t is the largest scale in each diagram and

the expressions of them have been given in [23]. Combining all above uncertainties, we obtain the CP -averaged

branching fractions of two decay modes

B(Bs → π+π−) = (5.5+1.1
−0.9)× 10−7. (15)

B(Bd → K+K−) = (1.9+0.3
−0.3)× 10−7. (16)

Since the uncertainties from the π,K meson distribution amplitudes are very small, we will not discuss them here.

In discussing the B meson decays, we usually define direct CP asymmetry as

Adir
CP ≡

|A(Bq → f)|2 − |A(Bq → f)|2

|A(Bq → f)|2 + |A(Bq → f)|2
. (17)

Moveover, because the final states π+π−,K+K− have definite CP -parity, one can measure the time-dependent

decay width of the the Bq → f decay [29]:

Γ(B(t) → f) ∝ cosh
(∆Γt

2

)

+Hf sinh
(∆Γt

2

)

−Adir
CP cos(∆mt)− Sf sin(∆mt), (18)

where ∆m = mH − mL > 0 is the mass difference, and ∆Γ = ΓH − ΓL is the difference of decay widths for

the heavier and lighter B0
q mass eigenstates. Correspondingly, the time dependent decay width Γ(B

0
q(t) → f) is

obtained from the above expression by flipping the signs of the cos(∆mt) and sin(∆mt) terms. The Sf and Hf

that can be extracted from the-time dependent decay width are defined as

Sf ≡
2Im[λ]

1 + |λ|2
, Hf ≡

2Re[λ]

1 + |λ|2
, (19)

with

λ = ηfe
2iϵA(Bq → f)

A(Bq → f̄)
, (20)

where ηf is +1(−1) for a CP-even (CP-odd) final state f and ϵ = arg[−VcbVtqV ∗
cqV

∗
tb]. In SM, the predicted results

are listed as
⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

Adir
CP (Bs → π+π−) = (−1.5± 0.2)%,

Sf (Bs → π+π−) = 0.11± 0.01,

Hf (Bs → π+π−) = 0.99;

(21)

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

Adir
CP (Bd → K+K−) = (37+5

−7)%,

Sf (Bd → K+K−) = −0.81± 0.05,

Hf (Bd → K+K−) = −0.45± 0.05,

(22)

ForBs → π+π−, both branching fraction and CP asymmetry parameters agree with previous studies [22, 23, 25],

and small differences are from the uncertainties of the CKM matrix elements. For Bd → K+K−, our branching
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On the experiment side, many efforts have been expended to search for the Z ′ directly at the LEP, Tevatron,

and LHC. With the assumption that the Z ′ couplings to the SM fermions are similar to those of the SM Z boson,

the direct searches for the Z ′ can be performed in the dilepton events. At this stage, the lower mass limit has

been set as 2.86 TeV at the 95% confidence level (CL) from collisions at 8 TeV with an integrated luminosity of

19.5fb−1 by using e+e− and µ+µ− [7] events, and this value becomes 1.90 TeV using the τ+τ− events [8].

However, if the Z ′ boson does not couple to leptons, the above constraint from the LHC is no longer valid.

Theoretically, such leptophobic Z ′ boson can be realized in E6 model [3], the phenomenological studies at the LHC

has been recently explored in Ref. [9]. In complementary to the direct search, some characters of the leptophobic Z ′

boson can also be constrained indirectly from the “low” energy flavor physics. The family non-universal Z ′ boson

may induce tree-level flavor changing neutral currents (FCNC) and thus they are severely bounded by experiment,

most notably meson mixing [10]. Other effects of the FCNC in flavor physics have also been studied in past decades

[11, 12, 13]. Motivated by the above arguments, we aim to in this work perform a comprehensive analysis of the

impact of a family non-universal Z ′ boson on the pure annihilation decays Bd → K+K− and Bs → π+π−. Since

these modes are power suppressed in the heavy quark limit, their branching ratios are expected to be very small,

and the sensitivity to NP can be then enhanced.

Experimentally, the decay mode Bs → π+π− was firstly reported by the CDF collaboration

B(Bs → π+π−) = (0.57± 0.15± 0.10)× 10−6 [14], (1)

and it was soon confirmed by the LHCb collaboration with 0.37 fb−1 data as

B(Bs → π+π−) = (0.95+0.21
−0.17 ± 0.13)× 10−6 [15]. (2)

So, the averaged result is given as [16]:

B(Bs → π+π−) = (0.73± 0.14)× 10−6. (3)

The branching fraction of another pure annihilation decay mode Bd → K+K− has been also measured as [16]:

B(Bd → K+K−) = (0.12± 0.06)× 10−6 (4)

Theoretically, within QCD factorization (QCDF) approach [17], only an order of magnitude estimate can be

given for these two decays through introducing new phenomenological parameters (ρA and φA) or an effective

gluon propagator [18] due to the existence of the endpoint singularity. The predicted branching fractions are at

the order of 10−8 [17, 19]. Moreover, the effects of SU(3) asymmetry breaking have also been discussed in [20].

On the contradiction, the perturbative QCD (PQCD) approach [21] retains the transverse momenta of all inner

quarks, and thus the endpoint singularity disappear. This makes the perturbative calculations of pure annihilation

decay modes reliable. On the basis of PQCD, the decays Bs → π+π− and Bd → K+K− have been explored in

Refs. [22, 23] and [24], respectively. In Ref. [25], the authors have revisited these two decays with new parameters

(especially for the distribution amplitudes of light mesons), and the obtained results are in agreement with the

experimental data well. Despite the agreement, by comparing the predictions of [25] with the experimental result,
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[11, 12, 13]. Motivated by the above arguments, we aim to in this work perform a comprehensive analysis of the

impact of a family non-universal Z ′ boson on the pure annihilation decays Bd → K+K− and Bs → π+π−. Since

these modes are power suppressed in the heavy quark limit, their branching ratios are expected to be very small,

and the sensitivity to NP can be then enhanced.

Experimentally, the decay mode Bs → π+π− was firstly reported by the CDF collaboration

B(Bs → π+π−) = (0.57± 0.15± 0.10)× 10−6 [14], (1)

and it was soon confirmed by the LHCb collaboration with 0.37 fb−1 data as

B(Bs → π+π−) = (0.95+0.21
−0.17 ± 0.13)× 10−6 [15]. (2)

So, the averaged result is given as [16]:

B(Bs → π+π−) = (0.73± 0.14)× 10−6. (3)

The branching fraction of another pure annihilation decay mode Bd → K+K− has been also measured as [16]:

B(Bd → K+K−) = (0.12± 0.06)× 10−6 (4)

Theoretically, within QCD factorization (QCDF) approach [17], only an order of magnitude estimate can be

given for these two decays through introducing new phenomenological parameters (ρA and φA) or an effective

gluon propagator [18] due to the existence of the endpoint singularity. The predicted branching fractions are at

the order of 10−8 [17, 19]. Moreover, the effects of SU(3) asymmetry breaking have also been discussed in [20].

On the contradiction, the perturbative QCD (PQCD) approach [21] retains the transverse momenta of all inner

quarks, and thus the endpoint singularity disappear. This makes the perturbative calculations of pure annihilation

decay modes reliable. On the basis of PQCD, the decays Bs → π+π− and Bd → K+K− have been explored in

Refs. [22, 23] and [24], respectively. In Ref. [25], the authors have revisited these two decays with new parameters

(especially for the distribution amplitudes of light mesons), and the obtained results are in agreement with the

experimental data well. Despite the agreement, by comparing the predictions of [25] with the experimental result,
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Table 22: CP-averaged branching ratios (in units of 10−6) of annihilation-do-
minated B̄s → PP decays (top) and B̄s → PV decays (bottom) with ∆S = 1.

Mode Theory S1 S2 S3 S4

B̄s → π+π− 0.024+0.003+0.025+0.000+0.163
−0.003−0.012−0.000−0.021 0.027 0.032 0.149 0.155

B̄s → π0π0 0.012+0.001+0.013+0.000+0.082
−0.001−0.006−0.000−0.011 0.014 0.016 0.075 0.078

B̄s → π+ρ− ≈ 0.003 0.002 0.003 0.019 0.014

B̄s → π0ρ0 ≈ 0.003 0.002 0.003 0.019 0.017

B̄s → π−ρ+ ≈ 0.003 0.002 0.003 0.019 0.015

8.1.2 Decays with ∆D = 1

Most Bs decays with ∆D = 1 are dominated by tree topologies. The branching fractions
and direct CP asymmetries of these decays are given in Tables 23 and 24. The decays
B̄s → π−K+, π−K∗+, and ρ−K+ have large branching fractions of order (1–2)·10−5. The
corresponding neutral modes have much smaller rates. The direct CP asymmetries are
predicted to be of moderate, sometimes even large magnitude, ranging from order 10%
for the charged modes to significantly larger values for the neutral modes. The simplified
expressions for the corresponding decay amplitudes are

AB̄s→π−K+ = AKπ

!
δpu α1 + α̂p

4

"
,

√
2AB̄s→π0K0 = AKπ

!
δpu α2 − α̂p

4

"
.

(114)

The right-hand sides of the expressions must be multiplied with λ(d)
p and summed over

p = u, c. The amplitudes for B̄s → πK∗ and B̄s → ρK are obtained by interchanging
(π, K) ↔ (π, K∗) or (π, K) ↔ (ρ, K) everywhere. Note that these decays are governed
by a relatively simple pattern of tree–penguin interference, which allows extractions of
the penguin coefficients α̂c

4 and gives sensitivity to γ.
The branching fractions for the remaining Bs decays with ∆D = 1 are smaller,

typically of order few times 10−7 (except for B̄s → K0η′). The simplified expressions for
the B̄s → K0ω, K0φ decay amplitudes are

√
2AB̄s→K0ω = AKω

!
δpu α2 + 2αp

3 + α̂p
4

"
,

AB̄s→K0φ = AKφ α
p
3 + AφK α̂p

4 .
(115)

The amplitudes for modes with η or η′ are given in Appendix A. In the first case the tree
contribution is color suppressed, while the second process is a pure penguin decay. This
explains the small branching fractions. Correspondingly, we predict generically large
direct CP asymmetries for these modes.
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It is accepted by most of us that the SM is not a final theory, and it should be an effective 
one of a more fundamental theory at higher scale, although the SM Higgs boson has been 
discovered.

  Fine Tuning              -->  SUSY, XD, LH

  CP Violation             -->  Neutrino, Heavy Flavor

  Dark Matter            -->  SUSY, XD, Z2, et.al

  Grand Unitary Theory  -->  String, et al. 

Why Do We Need NP  



  SUSY

  String Models

  E6 Models 

  U Boson Model

  Grand Unitary Theory 

What is Z’ Boson 

The effect of Z’ on flavor physics have been 
discussed for many years.

G.Valencia, X.G He, C.W Chiang, T. Liu, C.S Kim,
….. 



Tree-Level FCNC Z’ 
In the gauge eigenbasis, the Z’ neutral current Lagrangian is given by

8

In QCDF approach, the end-point singularities appear in calculating the twist-3 spectator and

annihilation amplitudes. Since the treatment of endpoint divergences is model dependent, sub-

leading power corrections generally can be studied only in a phenomenological way. As the most

popular way, the end-point divergent integrals are treated as signs of infrared sensitive contribu-

tions and parameterized by [32]:
! 1

0

dy
y

→ XA = (1+ρAeiφA) ln
mB
Λh

, (27)

with the unknown real parameters ρA and φA. More discussion about them will be in Section.IV.

III. THE FAMILY NONUNIVERSAL Z′MODEL

In this section, we will review the main part of the family nonuniversal Z′ model briefly. In

the current work, for simplicity, we only focus on the models in which the interactions between

the Z′ boson and fermions are flavor nonuniversal for left-handed couplings and flavor diagonal

for right-handed cases. Of course, the analysis can be straightly extended to general cases in

which the right-handed couplings are also nonuniversal across generations. The basic formulas

of the Z′ model with family nonuniversal and/or nondiagonal couplings have been presented in

Refs.[19, 23], to which we refer readers for detail. Here, we just review the ingredients needed in

this work.

In the gauge basis, the neutral current Lagrangian induced by the Z′ boson can be written as

L
Z′ =−g2J′µZ′µ , (28)

where g2 is the gauge coupling associated with the additional U(1)′ group at the MW scale. Ne-

glecting the renormalization group (RG) running effect between MW and MZ′ and the mixing

between Z′ and Z boson of SM, we present the chiral current as

J′µ =∑
i, j
ψ I
iγµ

"

(εψL)i jPL+(εψR)i jPR
#

ψ I
j , (29)

where the sum extends over the flavors of fermions, the chirality projection operators are PL,R ≡

(1∓ γ5)/2, the superscript I stands for the weak interaction eigenstates, and εψL (εψR) denote the

left-handed (right-handed) chiral couplings. εψL and εψR are required to be hermitian so as to

arrive a real Lagrangian. Accordingly, the mass eigenstates of the chiral fields can be defined2011-10-17 Chang Qin (ᑨ䫖) 13

the currents
the standard model chiral couplings

Brief review of a family non-universal Z’ model

the chiral couplings of the new gauge boson

Flavor changing effects immediately arise if the      are non-diagonal matrices. If  its  
couplings are diagonal but non-universal, flavor changing couplings are induced by 
fermion mixing.

H~

the chiral Z’ couplings in the fermion mass eigenstate basis take the form

Then, Lagrangian couplings are

      When we turn to the mass eigenstates, the chiral Z′coupling matrices in the physical basis of up-
type and down-type quarks are, respectively,

9

by ψL,R = VψL,Rψ I
L,R, and the usual CKM matrix is given by VCKM = VuLV

†
dL . Then, the chiral Z′

coupling matrices in the physical basis of up-type and down-type quarks are, respectively,

BXu ≡VuX εuXV
†
uX , BXd ≡VdX εdXV

†
dX (X = L,R). (30)

If the ε matrices are not proportional to the identity, the Bmatrices will have non-zero off-diagonal

elements, which induce FCNC interactions at the tree level directly. In this work, we assume that

the right-handed couplings are diagonal for simplicity. Thereby, the effective Hamiltonian of the
 b→  sq  q(q= u,d) transitions mediated by the Z′ is

H
Z′

eff =
2GF√

2

!

g2MZ
g1MZ′

"2
BL∗sb (  bs)V−A∑

q

#

BLqq(  qq)V−A+BRqq(  qq)V+A
$

+h.c. , (31)

where g1 = e/(sinθW cosθW ) and MZ′ the mass of the new gauge boson. We note the above oper-

ators of the forms (  bs)V−A(  qq)V−A and (  bs)V−A(  qq)V+A already exist in SM, so that we represent

the Z′ effect as a modification to the Wilson coefficients of the corresponding operators. Hence,

we rewrite the eq.(31) as

H
Z′

eff = −
GF√

2
V ∗
tbVts∑

q

%

ΔC3O
(q)
3 +ΔC5O

(q)
5 +ΔC7O

(q)
7 +ΔC9O

(q)
9

&

+h.c., (32)

where the additional contributions to the SM Wilson coefficients at the MW scale in terms of Z′

parameters are given by

ΔC3(5) =−
2

3V ∗
tbVts

!

g2MZ
g1MZ′

"2
BL∗sb

%

BL(R)uu +2BL(R)dd

&

(33)

ΔC9(7) =−
4

3V ∗
tbVts

!

g2MZ
g1MZ′

"2
BL∗sb

%

BL(R)uu −BL(R)dd

&

. (34)

Thus we can have a Z′ contribution to the QCD penguins ΔC3(5) as well as the EW penguins

ΔC9(7), in the light of the results found by Buras et al. [42]. In order to show that the new physics

is primarily manifest in the EW penguins, we assume BL(R)uu ≃ −2BL(R)dd , which have been used

widely [25, 27, 28, 30]. As a result, the Z′ contributions to the Wilson coefficients at the weak

scale are

ΔC3(5) = 0 , (35)

ΔC9(7) = 4
|V ∗
tbVts|
V ∗
tbVts

ξ LL(R)e−iφL , (36)

     If  ε is not proportional to the identity matrix, BL,R will have nonzero off-diagonal elements, 
which  will induce FCNC interactions. 



Tree-Level FCNC Z’ -Simplification

Neglecting the Z-Z’ mixing, which have been proved to be  vey tiny  

by the Z-pole measurements at LEP.

Assuming the right-handed couplings are flavor-diagonal.

No significant RG running effect between Z’ and W scales.

Negligible Z’ effect on the QCD penguins so that the new physics is 

manifestly isospin violating. 

We set Bss=Bdd  with assumptions of universality for the first two 

families, as required by K and muon decays constraints. 



Tree-Level FCNC Z’ 
 The effective Hamiltonian of the b→ s q qbar transitions mediated by the Z′ is
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by ψL,R = VψL,Rψ I
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where g1 = e/(sinθW cosθW ) and MZ′ the mass of the new gauge boson. We note the above oper-
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&

+h.c., (32)

where the additional contributions to the SM Wilson coefficients at the MW scale in terms of Z′
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3V ∗
tbVts
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g2MZ
g1MZ′

"2
BL∗sb

%

BL(R)uu +2BL(R)dd

&

(33)
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BL∗sb
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&
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Thus we can have a Z′ contribution to the QCD penguins ΔC3(5) as well as the EW penguins

ΔC9(7), in the light of the results found by Buras et al. [42]. In order to show that the new physics

is primarily manifest in the EW penguins, we assume BL(R)uu ≃ −2BL(R)dd , which have been used

widely [25, 27, 28, 30]. As a result, the Z′ contributions to the Wilson coefficients at the weak

scale are

ΔC3(5) = 0 , (35)
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tbVts|
V ∗
tbVts

ξ LL(R)e−iφL , (36)
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ΔC3(5) = 0 , (35)
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ξ LL(R)e−iφL , (36)
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we rewrite the eq.(31) as
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where the additional contributions to the SM Wilson coefficients at the MW scale in terms of Z′
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g2MZ
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BL∗sb

%

BL(R)uu +2BL(R)dd

&
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Thus we can have a Z′ contribution to the QCD penguins ΔC3(5) as well as the EW penguins

ΔC9(7), in the light of the results found by Buras et al. [42]. In order to show that the new physics

is primarily manifest in the EW penguins, we assume BL(R)uu ≃ −2BL(R)dd , which have been used

widely [25, 27, 28, 30]. As a result, the Z′ contributions to the Wilson coefficients at the weak

scale are

ΔC3(5) = 0 , (35)

ΔC9(7) = 4
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ξ LL(R)e−iφL , (36)

QCD  Penguin

EW  
Penguin

    In order to show that the new physics is primarily manifest in the EW penguins, 

we assume BL(R) ≃ −2BL(R).
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Thus we can have a Z′ contribution to the QCD penguins ΔC3(5) as well as the EW penguins

ΔC9(7), in the light of the results found by Buras et al. [42]. In order to show that the new physics

is primarily manifest in the EW penguins, we assume BL(R)uu ≃ −2BL(R)dd , which have been used

widely [25, 27, 28, 30]. As a result, the Z′ contributions to the Wilson coefficients at the weak

scale are

ΔC3(5) = 0 , (35)

ΔC9(7) = 4
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where

ξ LX ≡
!

g2MZ
g1MZ′

"2 #
#

#

#

BL∗sb B
X
dd

V ∗
tbVts

#

#

#

#

(X = L,R) , (37)

φL ≡ Arg[BLsb] . (38)

Because of the hermiticity of the effective Hamiltonian, the diagonal elements of the effective

coupling matrix must be real. However, the off-diagonal elements, such as BLsb, generally may

contain new weak phases. Moreover, the relation BL(R)ss ≃ BL(R)dd follows from the assumptions

of universality for the first two families, as required by K and µ decay constraints [23]. Since

the major objective of our work is searching for new physics signal, rather than producing acute

numerical results, we also assume BLqq ≃ BRqq, because we expect that |BLqq| and |BRqq| should have

the same order of magnitude.

It should be emphasized that the other SM Wilson coefficients may also receive contribu-

tions from the Z′ boson through renormalization group (RG) evolution. With our assumption

that no significant RG running effect between M′
Z and MW scales, the RG evolution of the

modified Wilson coefficients is exactly the same as the ones in SM [42]. The numerical re-

sults of Wilson coefficients in the naive dimensional regularization (NDR) scheme at the scale

µ = 2.1GeV (µh = 1GeV) are listed in Table I for convenience.

In summary, we list here our simplifications to a general Z′ model: we assume (i) no right-

handed flavor-changing couplings (BRi j = 0 for i ̸= j), (ii) no significant RG running effect between

MZ′ and MW scales, (iii) negligible Z′ effect on the QCD penguin (ΔC3,5 = 0) so that the new

physics is manifestly isospin violating, (iv) |BLqq| and |BRqq| are same so as to reduce the number of

parameters. With these simplifications, we have only two parameters left in the model. So, this

approach provides a minimal way to introduce the Z′ effect in the concerned decay modes. Of

course, more general Z′ models are possible.

Now, the only task left is to constraint the parameters within the existing experimental data.

Generally, g2/g1 ∼ 1 is expected, if both the U(1) gauge groups have the same origin from some

grand unified theories. We also hope MZ/MZ′ ∼ 0.1 so that TeV scale neutral Z′ boson could be

detected at LHC. Theoretically, one can fit the left three parameters |BLsb|, |BXdd| and new weak

phase φL with the accurate data from B factories and other experiments such as Tavatron and LHC.

For example, BLsb and φL could be extracted from Bs-  Bs mixing as well as B→ K(∗)ℓ+ℓ− decays.

To resolve the mass difference between Bs and  Bs, |BLsb| ∼ |VtbV ∗
ts| is required [25, 28, 43]. In

Refs.[28], the authors got the φL is about −80◦ by fitting data of Bs−  Bs mixing and B→K(∗)l+l−

where

  Due to the Hermiticity of the effective Hamiltonian, the diagonal elements of the 
effective coupling matrix are real. However, the off-diagonal elements generally may 
contain  new weak phases.
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Constrain of the Parameters Strategy
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Β-->ρΚ
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physics is manifestly isospin violating, (iv) |BLqq| and |BRqq| are same so as to reduce the number of
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approach provides a minimal way to introduce the Z′ effect in the concerned decay modes. Of

course, more general Z′ models are possible.

Now, the only task left is to constraint the parameters within the existing experimental data.

Generally, g2/g1 ∼ 1 is expected, if both the U(1) gauge groups have the same origin from some

grand unified theories. We also hope MZ/MZ′ ∼ 0.1 so that TeV scale neutral Z′ boson could be

detected at LHC. Theoretically, one can fit the left three parameters |BLsb|, |BXdd| and new weak

phase φL with the accurate data from B factories and other experiments such as Tavatron and LHC.

For example, BLsb and φL could be extracted from Bs-  Bs mixing as well as B→ K(∗)ℓ+ℓ− decays.

To resolve the mass difference between Bs and  Bs, |BLsb| ∼ |VtbV ∗
ts| is required [25, 28, 43]. In
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Constrain of the Parameters Summary

Generally, we always expect g2/g1∼∼1, if both the U(1) gauge groups have the same origin 

from some grand unified theories.

  We set MZ/MZ’ ∼ 0.1, thus the Z’ could be detected in the running LHC.

  |Bsb|∼|VtbVts*| is required by Bs mixing.

    From B meson rare decays stated above, we hope  |Bqq|∼ 1 for both left and right 

couplings.

   Summing up above analysis, we thereby assume that ξ ∈[ 10-2,10-3] . For weak phase, 

though many attempts have been done to constrain it, we here left it as a free parameter.

10

where

ξ LX ≡
!

g2MZ
g1MZ′

"2 #
#

#

#

BL∗sb B
X
dd

V ∗
tbVts

#

#

#

#

(X = L,R) , (37)

φL ≡ Arg[BLsb] . (38)

Because of the hermiticity of the effective Hamiltonian, the diagonal elements of the effective

coupling matrix must be real. However, the off-diagonal elements, such as BLsb, generally may

contain new weak phases. Moreover, the relation BL(R)ss ≃ BL(R)dd follows from the assumptions

of universality for the first two families, as required by K and µ decay constraints [23]. Since

the major objective of our work is searching for new physics signal, rather than producing acute

numerical results, we also assume BLqq ≃ BRqq, because we expect that |BLqq| and |BRqq| should have

the same order of magnitude.

It should be emphasized that the other SM Wilson coefficients may also receive contribu-

tions from the Z′ boson through renormalization group (RG) evolution. With our assumption

that no significant RG running effect between M′
Z and MW scales, the RG evolution of the

modified Wilson coefficients is exactly the same as the ones in SM [42]. The numerical re-
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µ = 2.1GeV (µh = 1GeV) are listed in Table I for convenience.
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handed flavor-changing couplings (BRi j = 0 for i ̸= j), (ii) no significant RG running effect between

MZ′ and MW scales, (iii) negligible Z′ effect on the QCD penguin (ΔC3,5 = 0) so that the new

physics is manifestly isospin violating, (iv) |BLqq| and |BRqq| are same so as to reduce the number of

parameters. With these simplifications, we have only two parameters left in the model. So, this

approach provides a minimal way to introduce the Z′ effect in the concerned decay modes. Of

course, more general Z′ models are possible.

Now, the only task left is to constraint the parameters within the existing experimental data.

Generally, g2/g1 ∼ 1 is expected, if both the U(1) gauge groups have the same origin from some

grand unified theories. We also hope MZ/MZ′ ∼ 0.1 so that TeV scale neutral Z′ boson could be

detected at LHC. Theoretically, one can fit the left three parameters |BLsb|, |BXdd| and new weak

phase φL with the accurate data from B factories and other experiments such as Tavatron and LHC.

For example, BLsb and φL could be extracted from Bs-  Bs mixing as well as B→ K(∗)ℓ+ℓ− decays.

To resolve the mass difference between Bs and  Bs, |BLsb| ∼ |VtbV ∗
ts| is required [25, 28, 43]. In
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Figure 2: The contribution of Z ′ to the decay mode Bs → π+π−. The left panel represents the branching

fraction as functions of φbs, the dotdashed (green), dotted (red), and dashed (blue) lines represent results from the

ζ = 0.001, 0.01, 0.02, respectively. The region edged by dotdashed lines (black) is the experimental data, while

edged by the solid lines (red) is prediction of SM. The right panel stands for the relation between the branching

fraction and the direct CP asymmetry,the region edged by dotdashed lines (black) is the experimental data, while

edged by the solid lines (red) is prediction of SM.

ζ = 0.001(dotdashed), 0.01(dotted), 0.02(dashed). The experimental region (filled by horizontal lines) and the SM

predictions (filled by vertical lines) are also shown for the comparison. From this figure, one can see that the

SM is consistent with the data within 1σ. Including the Z ′ contribution, it is apparent that the parameter space

|φbs| < 80◦ will be excluded. For |φbs| > 80◦, if ζ < 0.01, the contribution of Z ′ boson will be buried by the

uncertainties of SM. One also sees that when ζ = 0.02 the branching ratio will be enhanced to 7.6 × 10−7, which

is larger than the SM prediction. Note that the averaged experimental have large errors, and the small band will

help us to determine the magnitude of ζ. It is emphasized that the LHCb had obtained a bit larger result, which

indicates the existence of a light Z ′. In the right panel, we plot the relation between the branching ratio and the

direct CP asymmetry Adir
CP with an extra Z ′ boson. The region edged by blue curve is the possible region with

parameter ζ < 0.02 and φbs ∈ [−180◦, 180◦]. With the experimental data, the lower half of the region can be

excluded. In the permitted region, the range of direct CP asymmetry is [−3.2%, 0.1%], which is much larger than

the estimation of SM (the grey region). The future measurement of these values in LHCb (LHC-II) experiment

and the high energy e+e− collider will help us to probe the effects of Z ′. Note that when discussing the effects of

Z ′ boson, we will not include the uncertainties induced by wave functions and scale t, because the major objective

of this work is searching for the possibility of new physics signal, rather than producing acute numerical results.

Similarly, the effects of the extra Z ′ boson in Bd → K+K− are also presented in Fig. 3. In the left panel, it is

clear that the position of SM prediction is on the top of the experimental data, although some parts of them overlap

with each other. Furthermore, the heavy Z ′ contributions (ζ < 0.1) are not apparent due to the uncertainties of

9



Numerical Results and Discussions

Exp

SM

Ζ"0.02
Ζ"0.01

Ζ"0.001

#150 #100 #50 0 50 100 150
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Φbd!Degree"

B
r!
B
d
#
%
K
&
K
#
"
"
!
1
0
#
7
"

ExpSM

Possible Region

0.0 0.2 0.4 0.6 0.8 1.0

1.6

1.8

2.0

2.2

2.4

CP

Br
!B

d#
%
K
&
K
#
"!
10
#
7 "

Figure 3: The contribution of Z ′ to the decay mode Bd → K+K−. The legends are the same as in Fig. 2

SM. Moreover, for the φbd, the ranges [0◦, 180◦] and [−180◦,−110◦] will be excluded. We also plot the region (edged

by curve) related to the direct CP asymmetry and the branching fraction, as shown in the right panel. Note that

the SM prediction is 30% ∼ 42%, but with a light Z ′ the estimated range is to be 5% ∼ 60% after considering the

constraint from the experimental data. It is concluded that for Bd → K+K− the future measurement of direct

CP asymmetry will help us to search for the possible effect of a light Z ′, though its contribution to the branching

fraction is polluted by the SM uncertainties.

At last, we shall discuss the Z ′ effect on the CP symmetry parameters Sf and Hf . For Bs → π+π−, as the

weak phase of VtbV ∗
ts is very small, both Sf and Hf are not sensitive to the NP. On the contrary, for Bd → K+K−,

Sf and Hf are sensitive to the extra leptophobic Z ′ boson. In Fig.4, we plot the relations of Sf (right panel) and

Hf (left panel) with varying φbd from −180◦ to 180◦, when ζ = 0.01 and ζ = 0.02. The estimations of SM (edged

by the lines) are also presented. From the figures, one can see that in the permitted range of φbd, with a light Z ′

boson (ζ = 0.02), Sf could reach −0.55, which is larger than the prediction of SM. For Hf , its values could reach

to −0.75 when φbd = −50◦. The future measurement of them will help us to further constrain the parameters,

which might helpful for direct searching for a light Z ′ boson.

4 Summary

In this work, we have studied the pure annihilation decays Bd → K+K− and Bs → π+π− in the SM and the family

non-universal leptophobic Z ′ model. Although the SM predictions in the PQCD approach are in agreement with

experimental data, the branching fraction of Bs → π+π− (Bd → K+K−) is a little bigger (smaller) than the LHCb

result, which may indicate the survival space for a light Z ′ boson. Inspired by this fact, we have constrained the

U(1) phase as φbd ∈ [−110◦, 0◦], and φbs is |φbs| > 80◦. Within the allowed space range, the direct CP asymmetry

for Bs → π+π− is predicted as [−3.2%, 0.1%], while it is 5% ∼ 60% for Bd → K+K−. Furthermore, we have

also calculated the mixing-induced CP asymmetries and found that the parameters Sf and Hf of Bd → K+K−

are very sensitive to the effect of Z ′. With a light Z ′, the maximum (minimal) value of Sf (Hf ) can reach −0.55
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Figure 4: The CP symmetry parameters Sf (left panel) and Hf (right panel) as a function of the weak phase φbd,

the dotted (red) and dashed (blue) lines represent results from the ζ = 0.01, 0.02, and the regions edged by solid

line (green) are the predictions of SM.

(−0.75). The future measurements of these observables may provide us some hints for direct searching for a light

leptophobic Z ′ boson.
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In PQCD, the SM predictions can agree with data with large uncertainties. 


If we take the center values seriously, there is still room left for NP


In the Z’ model, in some parameters spaces, ξ>0.2, the branching fractions 

and CP asymmetries can be changed remarkably.


The CP violations of B—>KK can be used to test this model.

Summary
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